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Abstract
Silicon Photomultipliers (SiPM) are solid-state photodetectors made of a matrix of Ava­
lanche Photodiodes working in Geiger mode (GM-APD). Each APD behaves as a binary 
device, giving in output a standardised signal if fired by one or more photons. However, 
the device as a whole is an analog device, giving in output a pulse proportional to the 
number of incident photons. For this reason, the SiPM can be considered as a solid-state 
equivalent of the traditional Photomultiplier Tube (PMT), with the advantage of single 
photon counting capability, improved detection efficiency at wavelengths that better suit 
scintillating crystals’ output and of compactness, ruggedness as well as easier production 
technology. Moreover, being a solid state device, the SiPM is also insensitive to magnetic 
fields and characterised by an intrinsic timing resolution which makes it a good candidate 
for fast timing applications.
The motivation behind this thesis is the study of a system made of inorganic scintillating 
crystals readout by various types of SiPMs with specific interest in timing applications. 
The characterisation of various SiPMs with different total area and pixel sizes is discussed. 
The main result of this analysis is the measurement of the parameters of these photode­
tectors that allows the simulation of their output pulses, which ultimately determine the 
single photon response and hence the intrinsic performance limit of the device. In par­
ticular, it was found that coherent light improves the timing performances of SiPMs, due 
to an improvement in signal to noise ratio, while almost maintaining the single photon 
response.
For this reason, the Intrinsic and Coincidence Time Resolution (ITR and CTR respec­
tively), i.e. the variance on the time the detector takes to respond to a light stimulus and 
the uncertainty introduced in the measurement of the time coincidence, were measured 
using a femtosecond laser. For both quantities, values of the order of tens of ps were found 
optimising the parameters of a low pass Butterworth filter and of a time stamp pick-up 
algorithm which is the digital equivalent of a Constant Fraction Discriminator, for two 
Hamamatsu MPPCs with different total area and same pixel size.
Finally the characterisation of various size LYSO crystals readout by SiPMs is also re­
ported. This study gives information on the timing and energy properties of a Gamma 
sensitive system and allows the understanding of the characteristics that the optimum 
scintillating crystal readout by SiPMs should have to optimise the coincidence time and 
energy resolution. Values of the CTR for a system made of two LYSO crystals with size
11
3 x 3 x 1 0  mm^ readout by a pair of MPPCs with 25 fim pixel size and 3 x 3  mm^ total 
area, were found of the order of 300 ps.
Hence, this detector system appears as a good candidate for timing applications involving 
the detection of coincident gamma rays, particularly in applications like the Time-of- 
Flight Positron Emission Tomography, where an excellent timing resolution imply very 
good spatial resolution and hence superior quality of the final image.
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CHAPTER 1
Introduction
Silicon Photomultipliers (SiPMs) are relatively new photodetectors that are progressively 
replacing the conventional Photomultiplier Tubes (PMTs) in many fields of application, 
such as High Energy, Nuclear and Medical Physics, Astrophysics as well as Biophysics 
and Homeland Security. These sensors are solid state devices made of a matrix of silicon 
Avalanche Photodiodes working in Geiger Mode. Each pixel gives as output a standardised 
signal, being its amplitude dependant on the applied bias voltage and on the value of other 
device parameters. Details of the characteristics and of the working principles of these 
devices will be given in Chapter 3. The time needed to develop an avalanche has been 
recently estimated around 20 ps [1] and the decay time of a single photon pulse can be 
as short as 5 ns, hence these detectors present outstanding characteristics to be used in 
timing applications, particularly where a high count rate is expected. In this chapter some 
applications where SiPMs are employed as photo detectors due to their timing properties 
are listed. A more accurate description is dedicated to the ToF-PET application, being 
the main motivation for this thesis. Finally, a brief overview of the main interactions of 
high energy photons with matter and of visible photons with silicon and an outlook on 
the remaining chapters of the thesis are also given.
1.1 Tim ing applications w ith SiPM s
Many are the applications requiring detectors fast enough to mark precisely, i.e. within few 
picoseconds, the time at which an event has happened. Until now few are the photodetectors 
commercially available that can satisfy this requirement, the most famous being PMTs, fol­
lowed by MicroChannel Plate (MOP) detectors and solid state APDs and SiPMs. However, 
while these detectors show intrinsic timing properties almost comparable to each other, pref­
erence to solid state detectors is mainly given in applications in which the use of magnetic 
fields is expected. Also, another reason why solid state photodetectors are favoured against 
PMTs and MCPs is their compactness and sometimes also the production technology and 
consequently the costs. In what follows a few timing applications potentially involving SiPMs 
are described. However, SiPM are being increasingly applied in many other applications not
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directly related to timing. Few examples will be described in Chapter 3.
The PANDA (anti-Proton ANnihilation at DArmstadt) experiment at FAIR (Facility for 
Anti-proton and Ion Research) under construction at the G SI Helmholtz Centre for Heavy Ion 
Research, Germany, will study various aspects of high energy nuclear physics. For example, it 
will search for the origin of hadronic masses within the context of non-perturbative Quantum 
Chromodynamics, accelerating antiprotons up to 15 GeV on nucleon and nucleus targets [2 ]. 
The identification of subatomic particles is the main task of the FDD (Focusing Disc DIRC 
(Detector of Internally Reflected Cherenkov light)). This portion of the PANDA detector 
will determine with high precision the particle identity using the information given by the 
Cherenkov angle, 0, and the particle momentum, being cos9 = 1 /n^ , with /3 = v fc  the, 
particle velocity and n the refractive index of the radiator. In fact charged particles with 
different masses, but same momentum emit light at diflîerent angles. In a DIRC, Cherenkov 
photons will be detected (directly or after reflection on a mirror at the end of the radiator) 
by an array of photodetectors, which will allow the localisation of the tracks in the plane 
orthogonal to the Cherenkov radiator. In particular, the FDD will be made of a thin synthetic 
silica disc as radiator and LiF bars for passive dispersion correction. The Cherenkov light 
produced by the charged particles traversing the radiator is conveyed to the photo detectors by 
means of focusing optical elements [3]. The FDD will be surrounded by the electromagnetic 
calorimeter, where the intensity of magnetic field is high; the whole structure should be as 
much as possible insensitive to magnetic fields as well as compact. Moreover, photodetectors 
with intrinsic time resolution below ~ 1 0 0  ps are needed, to precisely measure the time interval 
between the creation of the Cherenkov cone and the arrival time at the photo detectors, which 
gives information on the photon wavelength [4] [5]. Preliminary tests are giving favourable 
results for the SiPMs, due to their insensitivity to magnetic fields, compactness and very 
good intrinsic time resolution. However, still problems connected to the high dark count 
rates and not so good radiation hardness remain to be solved. Moreover, the need to have 
larger matrixes of SiPMs is another technological challenge for the producer companies.
The Cherenkov Telescope Array (CTA) experiment is an international collaboration whose 
main purpose is the study of high energy galactic and extra-galactic gamma rays using ground- 
based telescopes. Its aim is to clarify the origin of cosmic radiation, the nature of black holes 
and the ultimate nature of m atter and of physics beyond the standard model, via the study of 
very energetic gamma rays coming from galactic particle accelerators and from other extra- 
galactic sites and via the search for dark m atter [6 ]. It consists of two sites, one in the 
northern, the other in the southern hemisphere, to view the whole sky. The array is planned 
to be made of three different types of telescopes, with diameters of 6 , 12 and 24 m^, covering 
a total area of about 1 km^ and 3 km^ for the north and south sites respectively. In this kind 
of experiment the atmospheric layer surrounding the Earth works as a Cherenkov radiator. In 
fact the highly energetic gamma ray interacts with the atmospheric nuclei producing secondary 
energetic particles, such as electrons, positrons and photons. These particles characterised 
by a speed higher than the speed of light in air, when traveling in the atmosphere generate 
Cherenkov light. These Cherenkov showers, generally characterised by a blue wavelength, 
can have a diameter on the ground of few hundreds meters and even higher in the case of the 
southern hemisphere. These photons have to be detected by photodetectors mounted in the 
telescopes which allow for a reconstruction of the image of the shower. The reconstruction 
gives information on the position where the shower was originated and on the celestial origin 
of the energetic gamma ray. The requirements on the photodetectors are again a very good 
(sub-nanosecond) intrinsic timing resolution, very high photodetection efficiency, mainly in
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the blue region, low bias operation and low cost. All these requirements are well satisfied by 
SiPMs which have also the advantage of being quite robust as well as insensitive to daylight 
exposure. However, further improvements are needed on a technological point of view due to 
the high dark count rate as well as the cross-talk and afterpulses that could increase the image 
background and that would require cooling the devices. Moreover, the pixelated structure of 
the device reduces its Photon Detection Efficiency (PDE); SiPMs with maximum geometrical 
efficiency are still under investigation in some institutes and research centres.
To conclude, there are many other applications involving SiPMs mainly due to their 
intrinsic time resolution. However a detailed list and description of all of them goes beyond 
the purpose of this document. In the next section a detailed description of the principles of 
Positron Emission Tomography (PET) and in particular Time-of-Flight PET (ToF-PET) is 
given, being the main application considered in this thesis.
1.2 Positron Em ission Tomography
Positron Emission Tomography (PET) is a molecular imaging technique which can give in­
formation about the metabolic activity of cells in the examined body. In particular, it allows 
the identification of internal lesions, the detection of unsuspected metastasis and it can sup­
port radiotherapy treatments, monitoring the dose delivered to the patient during a session 
[7]. Moreover, recently it has been increasingly used as a research technique for the study of 
human gene properties and to develop new drugs, in the version of small-animal PET [8].
The principle of a PET scanner is the detection of gamma rays emitted in the patient 
body. In fact, the patient is injected with a radiopharmaceutical, which is a molecule labeled 
with a positron emitting isotope. In general, low atomic number nuclei are chosen as beta 
emitter, due to the ease with which they are absorbed in the body (cfr. Tab.1.1). For example, 
^^0 is used to study the cerebral oxygen metabolism, while FDG ( F-fiuorodeoxyglucose) 
to study the glucose metabolism of brain, hearth and tumours. The isotope label half-life is
Radioisotope
F ig u r e  1.1: The decay of the radionuclide and the annihilation of the em itted positron with an electron  
in the surrounding medium. Before annihilating, the positron travels a path equivalent to  i? ,,//. Adapted from 
[8]
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R a d io n u c lid e E m ax  (MeV) t i / 2  (min) R e f f  (mm)
“ C 0.959 20.4 2.1
13n 1.197 9.96 3.0
150 1.738 2.03 4.5
18p 0.633 109.8 1.4
T a b le  1.1: Table of some radionuclides used in PET. Emax is the m aximum initial energy of the positron, 
t i /2 is the half-life of the isotope, while Re f f  the effective range of the em itted positron in water [12] [13].
of fundamental importance, as it has to be enough long to allow the transportation from the 
facility where it is produced to the site where the PET scanner is, while short enough to avoid 
overloading the patient with a too long exposure time. In the same way, isotopes emitting 
positrons with short effective range in the tissue should be chosen, to avoid introducing further 
uncertainty in the location of the positron annihilation.
After the radio-tracer is injected in the patient, it takes a certain time to reach the region 
of interest. Once there, it is metabolised and eventually decays. It is important to note that 
the decay is not a consequence of the absorption process: the radioisotope in fact has to be 
chosen considering the absorption time of the targeted cells and the life-time of the isotope 
label. Hence, the decay process is described by
p n U e e ~ (1 .1 )
with p the proton, n the neutron, Pg the electron neutrino and the positron. The positron 
undergoes inelastic collisions with the neighbouring atoms and eventually annihilates with a 
surrounding electron, with emission of two almost collinear photons with energy E.y = 511
FOV
(a) front view (b) side view
F ig u r e  1.2: Schematics of a typical PET scanner, (a) front view section of the scanner, with diam eter S.  (b) 
lateral view of the scanner, with four detector-layers of total length L, where also the Field Of View (FOV) is 
shown. Adapted from [8]
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keV (cfr. Fig. 1.1). In fact, as the positron and the electron that annihilate are in motion, it 
is also possible that their angle will be slightly different from 9 = 180°.
1 .2 .1  T h e  d e te c t io n  o f  c o llin e a r  p h o to n s
The most general setup for PET is made of a modular ring with diameter S  and axial length L 
(cfr. Fig. 1.2). Each module of this cylinder is a system made of a scintillating crystal coupled 
to a photodetector. The most used PET module is a matrix of BGO (BigGe4 0 i2), with size 
about 2” X 2” , paired to a block of PMTs of 1” side. For a long time, the favourite crystal in 
PET scanners was NaLTl, due to its very high light yield. However, due to its relatively low 
density, it was replaced by BGO, characterised by a lower light output, ^14% of the NaLTl, 
and a longer decay constant. Only recently, soon after its discovery in 1990s, LSO (LuQSiOg) 
and its cheaper variant LYSO (Lu2(i_a;)Y2a;Si0 5 ), has been considered, due to a very high 
light output, about 75% of Nal, high density almost comparable to BGO and a very short 
decay constant, of the order of tens nanoseconds. These scintillating crystals will be described 
more deeply in Chapter 2. The traditional photo detector for PET has been the PM T until 
the end of the 90s. However, with the improvement of the technology for the production of 
APDs, also solid state photodetectors have been considered, mainly in applications involving 
magnetic fields, such as combined PET/M RI, or requiring very compact sizes, as small animal 
PET scanners, or for Depth of Interaction (DOI) scanners, where the crystal is sandwiched 
between a PMT and an APD to correct for the true annihilation position.
The typical PET chain is represented in Fig. 1.3. The gamma photons interact via pho­
toelectric effect with the scintillating crystals. These de-excite emitting visible photons that 
will be detected by the photodetector. The latter gives a signal that in general is proportional 
to the energy of the incident photon. The signal is hence sent to the electronic processing 
chain, which will first amplify and shape it and then discriminate it. The latter phase, which 
is mainly electronics, is more delicate. In fact, in it the information on the time stamp and 
on the energy of the detected photons are evaluated. Two methods are used for timing mea­
surements: a relative and an absolute method, with the first common in conventional PET 
scanners. In the relative method, the first signal that crosses the threshold set at the discrim­
inator triggers a timing window. In this case the opposite site of the scanner is examined to 
look for the occurrence of another gamma detection. In the second case, which requires more 
sophisticated electronics, each event is characterised by a time stamp at detection. However, 
besides being detected in a predetermined time window, the discriminated signals also have 
to be characterised by a pulse amplitude within a certain voltage range, to ensure that the 
detected photons come from photoelectric events, i.e. to reject Compton events. Finally the
Scintillator PD
Amplification 
& shaping
Controls on:
1. arrival time
2. pulse amplitude
3. angle
Discrimination and 
selection of true events
Data storage
F ig u r e  1.3: The various phases of the detection chain in a PE T  system . PD refers to the photodetector, 
while the second last stage refers to  the three controls on the energy, arrival tim e and angle on the detected  
pairs.
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last condition is on the detection angle.
These three conditions are needed and unfortunately not sufficient to avoid spurious sig­
nals. The reasons are explained in the following section. The final stage of the chain is the 
recording of the signals after an analog to digital conversion for ease of storage.
1 .2 .2  D iffe ren c e s  b e tw e e n  c o n v e n tio n a l P E T  a n d  T o F -P E T
In a PET scanner each annihilation event is marked by the system as a coincidence. This 
means that the two almost collinear photons detected in two opposite modules satisfy all the 
aforementioned three requirements. The line that virtually connects the two detector modules 
is called line of response (LOR). Events in which only one photon is detected are called singles 
and correspond to the case in which a photon escape from the detection plane or undergoes 
Compton scattering. Finally there are random coincidenceswhich look like true coincidences 
and increase the background of the image, deteriorating the resolution of the hnal image. The 
false coincidences can be generated when two photons coming from different annihilations are 
detected at the same time, their paired photons having escaped the detection plane. Also, 
it is possible that two non annihilation photons are detected within the timing window in 
two opposite modules, or it can happen that a photon from annihilation undergoes Compton 
scattering and is hence detected in a different module, changing the position of the LOR (cfr. 
Fig.1.4) [9]. Finally, another source of noise in the final image is the DOI: this effect is typical 
of long crystals and it is due to the misjudgement of the annihilation position. In fact the 
true LOR will be displaced at a position equivalent to the axial projection of the interaction 
position in the scintillators.
In a conventional PET scanner, the probability distribution that the positron has anni-
;y
(a) true coincidence (b) random coincidence (c) Compton scattering (d) out-of-plane events
F ig u r e  1.4: Events increasing the noise of the image, (a) is a true coincidence, (b) is a random coincidence, 
i.e. two independent photons detected as a real coincidence, (c) is a Compton-affected coincidence, (d) is 
another false coincidence given by the detection of two photons related to out-of-plane events. A dapted from 
[9].
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LOR
d
(a) conventional PET
LOR
Gaussian
distribution
(b) ToF-PET
(c) conventional PET
czg < E3a
ÎÎÎÎÎÎÎÎ
(d) ToF-PET
F ig u r e  1.5: Probability distribution for (a) a conventional and (b) a ToF-PET scanner. D  refers to  the  
scanned body size, while d is the size of each v o x e l contributing to  the image, (c) and (d) show two images 
obtained respectively with a conventional and a ToF-PET scanner. It is clearly visible from (d) that the image 
is more resolved [11].
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Detector
module
LOR y
Ax
F ig u r e  1.6: Pictorial representation of the ToF-PET principle. In the picture, A x  represents the position  
of the annihilation from the centre of the field of view (FOV), while and x t  the path traveled by the two 
photons detected in the detector m odule A and B respectively. The LOR is depicted as well for ease of view.
hilated in any position along the LOR is flat (Fig. 1.5 (a)). This means that such a system 
is not able to identify the point where the interaction has happened. It is the analytical or 
iterative reconstructive algorithm that, back-projecting the registered tracks, determines the 
interaction volume (Fig. 1.5 (c)).
However, in the case of a ToF-PET system, the position of the annihilation is known, 
with an uncertainty given by the timing resolution of the instrumentation [10] [11]: ôx is the 
uncertainty on the position, following a Gaussian distribution (Fig. 1.5 (b)). Supposing that 
the first photon is detected at a time G and that the second at a time G, then the distance 
from the centre of the Field Of View (FOV) is given by
Ax = c - ( 4  -  C - A ^ c • (At ±  5t (1 .2 )
with Ax the position of the annihilation along the LOR, At the time difference between the 
arrival time of the two photons at the detector modules, St the uncertainty on the detection 
of the arrival time and Sx the uncertainty on the position of the positron annihilation (cfr. 
Fig. 1.6) and c the speed of light in vacuum. Fig. 1.5 (c) and (d) show the difference between 
two images obtained with a conventional and a ToF PET scanner. In both images step ’a ’ 
shows a back projection of an event. In the case of ToE-PET it is visible how the probability 
distribution has a Gaussian-like shape along the LOR, while it is flat in the first case. In 
’b ’ all the events between 0° and 180° are back projected, resulting in the image in ’c ’. It is 
clearly visible how the image given by the ToE system is more resolved, with less background.
At this point, it is important to note that both traditional and ToE PET use the time of 
flight information. However, while in the first case this information is used only to discriminate 
an event, i.e. to decide if it can be considered a true coincidence or a random event; in the 
ToF case, the information is used to better localise the interaction, provided it satisfies the 
controls on timing, pulse amplitude and angle aforementioned.
The Signal to Noise Ratio (SNR) of a conventional scanner can be written, in the case of
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St  (ps) Sx (cm) G  (T> =  20 cm) G  (H  =  40 cm)
150 2.25 8.9 17.8
250 3.75 5.3 10.7
350 5.25 3.8 7.6
450 6.75 3.0 5.9
950 14.25 1.4 2.8
T a b le  1.2: Table of the NEC gain for two different body sizes and various St. The advantage o f the ToF  
m ethod over the conventional P E T  is higher for lower St and bigger body sizes D.
an analytical back-projection algorithm, as [1 1 ]:
'T  + S + JÎ’
where k is  a constant, T, S  and R  are the number of true, scattered and random coincidences 
respectively and n is the number of imaged voxels contributing to the noise. In a conventional 
PET scanner all the voxels along the LOR contribute to the image (Fig. 1.5 (a)); it results that 
riconv = D/d^ where D  and d are the sizes of the imaged body and of each voxel respectively.
In the ToF case, however, each event is ToF-tagged. Hence, only the voxels close to the 
event will contribute to the noise. In this way titoF = Sx/d  (cfr. Fig.1.5 (b)), and the Eq.1.3 
becomes:
SNRtoF — \  ' SNRconï; (1-4)
The quantity T ^ /(T + S + R ) is also called Noise Equivalent Count rate (NEC) of the scanner. 
In fact this is equivalent to the total number of detected counts, corrected for scattered and 
random events. This quantity actually is a measure of the scanner sensitivity. The NEC is 
equivalent to the square of the SNR, hence:
NECtoF =  W- • NECconw (1.5)
Ox
The factor D /5xi^  also called gain., G. Tab. 1.2 shows its value for two body sizes and various 
arbitrary timing resolution St. From the last equation, it is clear that the sensitivity increases 
with the dimensions of the scanned body, and with increased spatial resolution, which implies 
an increased timing resolution. The latter, being the main object of this thesis, is quite 
complicated to extrapolate. In fact, this depends on several factors, of which some are due to 
the quality and/or technology used to produce the instrumentation. For example, it is well 
known that the quality of the crystals contributes to St. However, also the uniformity of the 
detectors used, as well as the readout electronics quality are of fundamental importance.
Finally, here are reported five reasons for the use of the ToF technique over conventional 
PET, reported by Budinger and Conti [10] [11]:
1. the ToF technique is more advantageous in patients with a larger body (Eq.1.5), when 
the acquisition is limited and/or there is high absorption;
2 . its timing information can be used as a statistical booster, when the event statistics are 
low due to the chosen PET protocol;
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3. it can recover missing information when the patient body is not completely covered by 
the scanner (in which case, a conventional scanner will present loss of information);
4. it can allow high resolution and low noise images, particularly needed in oncology treat­
ments;
5. its imaging algorithm converges more rapidly, allowing for a reduced acquisition time 
which implies an improved hospital workflow, patient comfort and reduced costs.
1.3 Interaction of high energy photons w ith m atter
The attenuation of photons in m atter is described by an exponential decay law: in fact,
in processes like absorption, the photons are completely removed from the initial beam by
being totally absorbed in the traversed material or in the case of scattering by being deviated 
from the initial direction. A likely consequence of these processes is the emission of atomic 
electrons. Then, the intensity of an initial beam of photons after the interaction with a 
medium of thickness dx' will follow the equation (1 .6 ):
- d l  = I'uAcrtotdx' I  = I q exp [ -  (patt,ix)] (1.6)
where I '  is the intensity of the photon beam at depth x', a tot is the total cross section for 
all possible scattering or absorption processes, that is the probability that the photon will 
undergo an interaction contributing to atot, the number of atoms per volume and Patt,l 
the linear attenuation coefficient. This linear attenuation coefficient is related to the absorber 
density and its mass attenuation coefficient, Patt,m  ^ as in (1.7):
Patt,m ~  (^ tot \cxn g ]. (1.7)
The most probable processes contributing to the total cross section at energies above tens 
of keV are:
• photoelectric effect,
• Compton scattering,
• pair production (only applies above 1 .0 2 2  MeV), 
for which
^tot — (^photoelectric T  (^Compton T  (^paiv (1-8)
At energies below the tens of keV threshold, Thomson and Rayleigh scattering are more 
likely to happen. Both processes are characterised by no energy exchange between the incident 
photons and the m atter and the only result is a change in the direction of the scattered photon.
The first process concerns scattering of photons by free electrons in the classical limit.
The second process, instead, concerns the scattering of the incident photon with the whole 
atom. In this case all the atomic electrons participate in a coherent manner to the process, 
whereof the name is coherent scattering.
The photoelectric effect is an interaction that involves the scattering of the incoming 
photon with the whole electronic cloud of an atom with the consequent absorption of the 
photon and the emission of an atomic electron. This effect is possible whenever the energy
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F ig u r e  1.7: Mass attenuation coefficients for some materials of interest for the analysis discussed later in this 
document. Data from the ”XCOM: Photon Cross Sections Database” [14].
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of the incident photon, hi/, is larger than the binding energy of the atomic electrons, B e-  
Then, from the conservation of the momentum and energy, the kinetic energy of the emitted 
electron is
Ke = hu — B q. (1.9)
In this process, a very small recoil energy is absorbed by the whole atom, to preserve the 
conservation of energy and momentum. Moreover, since a free electron cannot absorb a 
photon, the more strongly the electron is bound to the atom, the bigger is the probability 
to have photoelectric effect. Then, as shown in Fig.1.7, when the energy of the incident 
photon coincides with the ionisation energy of the atomic electrons on the shells (K, L, M, ...) 
the curve presents the absorption edges, that for shells above K show also the substructures 
related to different binding energies. If the energy of the incident photon is less than the 
binding energy, then such an interaction is not possible.
The probability for the photoelectric effect is directly proportional to the atomic number 
Z  and inversely to the photon energy, E^-
(^photoelectric^  ( 1 .1 0 )
where q = 7/5 for E.y >  £"5 , while g =  1 for £ 5 . Recalling Eq.1.6, this implies that
materials with a high Z  have a greater stopping power.
The emission of an electron from an atomic shell leaves a vacancy in that particular shell 
and thus an atom in an excited state. The possibilities for the de-excitation are the emission 
of a single X-ray photon or the emission of one or more electrons. In the second case, this 
internal readjustment is called the Auger effect. For example, if due to the photoelectric 
effect a vacancy in the K-shell is left, it is possible that an electron from the above shell 
makes a transition to the K-shell in which the available amount of energy is Be{K) — Be{L). 
This energy can be released through a photon (radiative emission) or can be absorbed by 
a bound electron from a higher shell. This electron is then emitted and is called Auger 
electron. Experimental results show that the probability for the Auger effect is greater for 
low-Z materials: it decreases with the atomic number and for Z~ 30 is equal to the probability 
of a radiative emission.
Compton scattering is the interaction of a photon with an individual quasi-free atomic 
electron. It is also called incoherent scattering and the energy of the scattered photon, £ y , 
can be calculated using the theory of an elastic collision.
Using special relativity and the conservation of energy-momentum, one can write the exact 
equation for Compton scattering:
£ y  = ----- ^----------   . (1 .1 1 )
1 +  ; ^  (1  — cos 6)
Assuming that the incident 7  has an energy E^ = cp^, where c and p /^ are respectively the 
speed of light and the momentum of the incident 7 , and that the quasi-free electron has an 
energy £g =  rngff and zero momentum, where me is the mass of the electron, the energy 
conservation requires:
£"), +  £e — £ 7 ' +  £g/, (1 .1 2 )
where E y  = cpy is the energy of the scattered photon, and £g' =  \/(cpe')^ +  is the energy 
of the scattered electron. Now, from the momentum conservation we have
P e '= P j - p y  (1.13)
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Remembering that • p y  = PjPy cos 9, with 6 the angle between the directions of the 
incoming photon and the outgoing one, the solution of the system gives us the energy of the 
scattered photon, E y ,  (1.11). The probability of Compton scattering is proportional to the 
number of the atomic electrons that are the targets of the interaction, which increases with 
the atomic number Z:
2
(^Compton OC ( 1 T 4 )
-^7
When the energy of the incoming photon is twice the rest mass of the electron, the 
production of a pair of electron and positron becomes possible. This interaction is called 
pair production and it can happen only near another charged massive object so that the 
energy-momentum conservation law is satisfied by the interaction with the Coulomb field of 
the massive object (i.e a nucleus). Under this condition, the photon threshold energy can be 
calculated using the formula for the invariant mass in the laboratory reference system:
M  =  y   Œ iP i)  • iE iP i) ^  =  {E^Mc^) , (1.15)
where Minv is the invariant mass of the system, E.y is the threshold energy of the incident 
photon and M  is the mass of the massive object. Then, because Minv = M  + 2m, with m  
the mass of the electron/ positron, the photon threshold energy is given by
E j = 2m(? ^ 1  -f —  ^ . (1.16)
Then, in proximity of a nucleus, this threshold energy is E^ cs 2m, while in proximity of an 
electron it is £y ~  4m [12]. The probability of pair production increases with the photon 
energy and the number of atomic electron as:
(Jpair OC In 2E.y. (1.17)
1.3.1 A nalysis o f th e  spectra
Depending on the incoming photon energies, all or some of the effects previously described are
clearly visible in the spectra obtained with the detector and the readout electronics. W hat one
can see in a typical spectrum is the number of counts sorted by the Multi Channel Analyser 
(MCA) into channels depending on the magnitude of the detector output voltage, tha t is 
proportional to the energy of the incoming radiation.
Then, the most generic spectrum from a monoenergetic source should show a structure 
featured by (see Fig. 1.8):
1. Photopeak
2 . Compton Background Continuum
3. Compton Edge
4. Compton Valley
5. Backscattered Peak
6 . Excess-Energy Region
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7. Low-Energy Rise.
The photopeak represents the number of photons whose energy is fully absorbed in the de­
tector. In an ideal world, this peak should be a vertical line at the maximum energy, E q, 
allowed by the nuclear transition. Actually this ’’vertical line” is broadened by various kinds 
of fluctuations. Some of these fluctuations, as the quantum uncertainty in the energy transi­
tion (Heisenberg Uncertainty) and the recoil effects as the y-rays are emitted, have a finite, 
but negligible effects on the photopeak. Other fluctuations are due to the ” non-ideality” of 
the source, that is, the decaying nuclei are not free, but are encapsulated in materials that 
can determine multiple scattering events (multiple Compton scattering). The consequence is 
that some y-rays emerge with a slightly less energy from the source, creating a short tail at 
energies below E^. Also this kind of fluctuations has a very small effect on the shape of the 
photopeak. The fluctuations that mainly affect the width of the photopeak are the statistical 
fluctuations in the charge produced from the interactions and the electronic pulse-processing 
chain.
Then, the photopeak represents mainly the photoelectric interaction of the incident ra­
diation with the detector medium, but has also some contributions from single and multiple 
Compton interactions that are followed by photoelectric interaction. Its centroid represents 
the energy of the incident y-rays and the area under the peak and above the background is 
proportional to the activity of the source.
The Compton photons represent mainly the background (but different from the natu­
ral background) counts of a generic spectrum. Among these we can clearly distinguish the 
Compton Background Continuum, that is represented by those counts in the spectrum for 
energies below the maximum energy E.y lost in the scattering by the incident photons. These 
correspond to values of the scattering angle 0 between 0 and tt in eq .(l.ll) . The Compton 
Edge, E c , is the maximum energy transferred by the incident photon to the electron and
low energy rise Compton continuum
photopeak
Compton
valleyCompton edge
backscatter
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F ig u r e  1.8: The typical spectrum obtained when irradiating a gamma detector.
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from (1 .1 1 ) is :
2E“^
E o = E , - E y l ^ ^  = ^ ^  (1.18)
while the energy of the backscattered photon is:
Eb.sc.j = 1 ^ '  (1-19)
This case represents an head-on collision, in which the final particles move along the origi­
nal direction of the incoming photon, but in opposite directions, with the outgoing photon 
backscattered. The Compton Valley is the part of the spectrum made by those counts that 
correspond to multiple Compton scattering events and to photoelectric events in which the 
original photon has interacted with small angle scattering before hitting the device.
A Backscattered Peak is made up of counts due to photons that interact with the sur­
rounding materials before interacting with the detector. The y-rays from the source undergo 
scattering at 6 ^  110° — 120° and the emerging photons have energies in the range 200-250 
keV [12]. This can be considered valid for most geometries.
The Excess-Energy Region is created by the detection of high energy photons and cosmic 
muons from natural background radiation, but could also be generated by pile-up events due 
to an high count rate.
Finally, the Low-Energy Rise is characterised by high counts rates. This is due to the 
nature of the events counted in the detector: these events are due to low-amplitude and high 
frequency electronic noise that is processed by the detection chain as low-amplitude detector 
pulses.
1.4 D etection  of visible photons in Silicon
The structure of a standard photodetector is shown in Fig. 1.9. Typically photodetectors are 
characterised by a p —n junction, that in the figure is made by the contact between the p-layer 
and the n-layer underneath. To achieve a suitable electric field strength to drive the generated 
charge carriers towards their respective electrodes, the whole device is characterised by layers 
doped with different concentration lying below the p — n  junction. In this case, the substrate 
is an n+-layer on which a lightly n-doped layer was grown. The electric field shape is such 
that the depletion region extends outside the junction when the detector is reverse biased. 
The charge carriers generated by the interaction of a photon with the device are collected at 
the respective electrodes, i.e. the anode for the holes and the cathode for the electrons.
A photon arriving on the light sensor can undergo few interactions. It can
• be reflected at the detector surface,
• be absorbed in the insulating layer,
• be absorbed at the top of the p++-layer,
• be absorbed in the p  or n-layer and here generate an electron-hole pair depending on 
its wavelength,
• pass through the device without being absorbed (typical for long wavelength photons).
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Hence it is clear that losses in the absorption process affect the detection efficiency of the 
photo detector. The reflection at the top surface of the detector is due to the low refractive 
index of air in comparison with that of Silicon (n ~  3.5). The losses at this surface, without 
any passivation layer could be as high as 70% of the incoming photon flnx. Usually, the top 
surface of the detector is protected by a thin silicon dioxide (Si0 2 ) layer, having a refractive 
index n = 1.42 which enhances the transmission. This is very useful to protect the very 
delicate wire bonded electrodes and in general the detector top surface from mechanical 
damage or contamination. There can be still losses of ~  20 — 30% however, at the surface 
between this layer and the silicon beneath or very unlikely due to absorption in the Si0 2 . 
The problem of the reflection of photons at the top snrface is hence solved with thin layers of 
anti-reflective coating right on the top of the silicon surface, with various refractive indexes, 
which can reduce the reflection up to 1 0 % for a wide range of wavelengths.
As can be seen in Fig. 1.10 (a), the absorption length of photons in silicon (at room 
temperature) varies depending on their wavelength A. Hence, photons with shorter A need 
few tenths of pm  to be absorbed, while longer A photons travel unabsorbed even hundreds 
of pm. The photon flux is characterised by an expression similar to Eq.1.6, in which the 
absorption coefficient of Si is the inverse of the absorption length in Fig. 1.10 (a). However 
the condition for a photon to be absorbed is that its energy is greater than the band gap 
energy of Si {Eg =  1.12 eV). This sets a cut-off value for the photon wavelength:
he 1241
[eV]
=  1108 nm, ( 1 .20)
with h Planck’s constant (6.624 x 10 J sec) and c the speed of light in vacuum (2.998 x 10^  ^
cm/sec). Photons with a wavelength above Ac have a very small probability to be absorbed
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F ig u re  1.9: Simplified structure of a standard photodetector. Adapted from [19].
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F ig u r e  1 .10: (a) Absorption length [20] and (b) im pact ionisation coefficients for Silicon [21]. It is visible in 
(b) how the ionisation coefficient for electrons (a ) and holes (/3) is few orders of m agnitude different at the  
typical strength of the electric field in the depleted region. This is not the case for Ge devices.
in Si. As Silicon is an indirect semiconductor, meaning that the momentum of the electrons 
at the bottom of the conduction band is different from that of the holes at the top of the 
valence band, the absorption of a photon is a phonon assisted process (due to momentum 
conservation). If the photon energy is too small, there is a very small probability that a phonon 
will participate to the interaction lifting an electron from the valence to the conduction band 
[22]. Hence, if the photon energy is small, i.e. if A ^  Ac, it will simply pass through the 
device. On the contrary, for higher photon energies, i.e. A < 400 nm, it can be absorbed in 
the p"b+-doped layer. However, an electron-hole pair generated in this position would have 
little effect in terms of generating current. In fact, due to the high concentration of holes in 
this region, the photoelectron may quickly recombine, while the hole will not participate to 
the current as it will be directly collected at the anode. The same could happen for a highly 
n++-doped top layer in which, in this case, would be the electron the carrier directly collected 
at the cathode, while the hole will still be available to contribute to the current if it escapes 
from recombination phenomena.
1.4.1 T he avalanche m echanism
Depending on the strength of the electric field in the photodetector, the number of charges 
collected at the electrodes can be proportional to the number of the incident photons, and then 
the photodetector is said to work in proportional or linear regime; or there is the possibility 
that due to an internal multiplication mechanism the number of charges collected is much 
greater than the incoming photons, in which case the photo detector is said to work in Geiger 
or avalanche regime. In both cases, the strength of the electric field in silicon detectors should 
be above 10'^  V/ cm. In this condition, the charge carriers generated inside the photosensor by 
photoelectric effect can be accelerated by the electric held and gain enough kinetic energy to 
produce further carriers by impact ionisation. The impact-ionisation coefficients indicate the 
average number of electron-hole pairs generated by a carrier per unit distance traveled [2 1 ].
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Fig. 1.10 (b) shows the measured values for electrons (a) and holes (j8) in silicon. From this 
figure it is visible that the impact-ionisation coefficients for electrons is about two orders of 
magnitude greater than that for holes in silicon for E  > 10  ^V/cm. This is not the case of i.e.
Ge detectors, in which the coefficient values are almost comparable. The ratio between a  and 
P is of fundamental importance for the build-up time of the avalanche and the multiplication 
noise. In fact, when a = P both charge carriers have the possibility to create further carriers 
by impact ionisation. In this case, the build-up time of the avalanche is slow, due to holes 
feedback. As well, the noise due to the hole contribution will be high: this is related to the 
statistics of the avalanche formation and to the fact that the multiplication factor M  (or gain 
G)  is position-dependent (i.e. can vary along the avalanche region). The multiplication noise 
is expressed by the Excess Noise Factor [23] :
F{ M)  = k M + i l - k )  ( 2 - 2  + kM,  (1 .2 1 )
where k  is defined as the ratio of the hole to electron ionisation coefficients. Hence, the 
condition for a fast build-up of the avalanche and a low noise device (i.e. small F{M)) ,  is a 
strong asymmetry of the ionisation coefficients. Generally, for APDs in proportional mode, 
a / p  ^  1 and the ionisation process must be initiated by the electrons. For APDs in Geiger 
mode (GM-APDs), the previous conditions must be true, but usually, as the bias voltage is 
above the breakdown voltage, secondary avalanches are generated and hence also the holes 
contribute to the final current. In this case the output current is not anymore proportional 
to the incoming number of photons and the device can detect only one photon per time, 
whenever it recovers from an avalanche event.
1.5 Outline of the thesis
In this section the outline of the thesis is given chapter by chapter.
• The first chapter, as already seen, is an introductory discussion of some examples of 
applications of SiPM in experiments requiring excellent timing performances. In par­
ticular, the most important features of the ToF-PET are described, being this the mo­
tivation for the presented PhD research project. The main interaction of high energy 
photons with m atter and of visible light with silicon are also discussed.
The second chapter is an overview of the main mechanisms of the production of scintil­
lation light in inorganic scintillating crystals. The main .limitations of the parameters 
of this category of scintillators are also discussed. As LYSO:Ge crystals are identified 
as the optimum choice for ToF-PET applications, due to their fast decay time, high 
Z  and light yield, their characteristics are as well reported with a discussion which is 
completed in Appendix A.
The third chapter is an overview of Silicon Photomultipliers. Here the working principle 
of the device and the various technologies today used to produce these sensors are de­
scribed. The main parameters of these photodetectors are listed as well as some issues 
due to their solid state nature. In addition to the description of timing applications 
involving the use of SiPMs, in this chapter also other applications that use SiPMs not
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specifically due to their excellent timing performances are listed. As all the measure­
ments discussed in this thesis were performed using digital techniques, the chapter is 
thus concluded by a discussion on the digitisation of waveforms and digital techniques 
to filter and to analyse recorded pulses.
The fourth chapter describes the instrumentation as well as the methodology used to 
perform the experiments described in this thesis. It is structured in two parts giving 
details on the experiments performed respectively with high energy photons and visible 
photons.
• The fifth chapter contains the discussion of the results obtained front the characterisa­
tion of the SiPMs. This chapter as well is structured in two sections. In the first part, 
the electrical characterisation is discussed. This includes I-V and C-V measurements 
and the study of the gain of the detector along with the determination of the SiPMs 
parameters, which allows the simulation of the detector output pulse. This was impor­
tant to identify all the factors that contribute to the particular shape of various SiPMs 
pulses and hence their effects on the detectors’ timing performance. In the second part, 
the characterisation using a very fast laser is discussed. Particular importance is given 
to the measurement of the Intrinsic and Coincidence Time Resolution, being these the 
two quantities of interest in timing applications.
• The sixth chapter contains the study of the performance of inorganic scintillating crys­
tals readout by SiPMs. It is first discussed the performance of such a system using typ­
ical gamma spectroscopy techniques. Then, the characterisation of various size LYSO 
crystals readout by various SiPMs using a very collimated gamma source is discussed. 
This was performed to understand the effect of crystal sizes on the main quantities 
relevant in timing applications. Finally the results from the measurement of the Coin­
cidence Time Resolution using pairs of such a system is given. The CTR was measured 
using various combination of LYSO crystals and MPPCs and various time stamp pick­
up algorithms and digital filters. The optimisation of all these parameters allows the 
achievement of the best CTR for a certain detector system.
The seventh chapter summarises the whole research project and discussed shortly some 
possible future applications.
CHAPTER
Inorganic scintillating crystals
Inorganic scintillators form one of the two big categories in which scintillator crystals can 
be divided, the other being plastic scintillators. These detectors are widely used because 
of their better detection efficiency for hard radiation in different applications ranging from 
Medical Physics to High Energy Physics and Astrophysics. In fact, they are characterised 
by a very high density p, very high atomic number Z, that implies a very high photoelectric 
absorption cross section {pZ^), fast response (10-100 ns) and high light yield (^ 25000 
photons per MeV). Moreover, the possibility to grow them in large dimension crystals and 
the cheapness are also other advantageous characteristics of these crystals. The group of 
inorganic scintillators can be divided further into two subgroups one of which contains 
scintillators like NaLTl, CsLTl, CsLNa, BGO and CdW0 4 , characterised by a higher light 
yield (^ 10^  photons per MeV) but long decay times (> 200 ns), the other containing 
scintillators like BaFg, CsF, CeFs and Csl, with a lower light yield (^  2000 photons 
per MeV) but a shorter decay (< 60 ns). Not all inorganic crystals present all these 
characteristics at the same time, for this reason a given crystal could be more suitable 
for one application instead of another. In what follows, the mechanism of production of 
light in inorganic scintillators and a review of the characteristics of the scintillators, used 
in the experiments described in the following chapters, are discussed.
2.1 Scintillation mechanism
The process of scintillation consequent to the interaction with ionising radiation involves the 
generation of many electronic excitations in the crystal. As the crystal is in a non-equilibrium 
state after irradiation, these excitations will relax, bringing the crystal to a new equilibrium. 
The relaxation processes can be schematised in five steps [27]-[31]:
1 . generation of primary electrons and holes;
2 . thermalisation of the primary charge carriers;
3. localisation of the electronic excitations;
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4. migration of the excitations to the luminescence centres;
5. emission from luminescence centres.
The first three stages are common for any condensed material, as they involve the dissipa­
tion of the energy in the crystal lattice. Hence, the scintillation mechanism can be further on 
divided into two parts: a first part concerning only the production of electronic excitations 
and a second part involving the interaction of the excitations with luminescence centres (or 
themselves) and the consequent emission of luminescence.
Fig.2.1 shows the band structure for a generic scintillating crystal (or insulator). It is 
possible to distinguish a core band, with top energy Ec and bandwidth AEc, a valence hand, 
with top energy E y  and bandwidth A E y  and a conduction band, with bottom energy E g .  The 
valence band and the conduction band are separated by the forbidden gap, with A E  =  E g .  
In the more general case of crystals with no activators, no state can lie in this energy range.
The ionising radiation incident on the crystal generates (by photoelectric effect, in the 
case of intermediate energy photons) an electron-hole pair: a hot electron in the conduction 
band and a deep hole in the core band^. These carriers, being very energetic, produce further 
charge carriers, by electron-electron scattering in the case of the electron, while by Auger 
effect in the case of the hole. This generation goes on until the energy of the daughter 
electrons is below the e-e scattering threshold (in general about 2 E g )  and the energy of the 
daughter holes is above the Auger threshold energy. The production of secondary excitation 
in a scintillating crystal is very fast and takes only few tens of femtoseconds.
^Also called 5 -rays, to distinguish from the less energetic secondary electronic excitations
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F ig u r e  2.1: General scheme of scintillation mechanism in a crystal [30].
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When both charge carriers lie below the respective threshold levels for e-e scattering and 
Auger effect, the thermalisation stage begins, with production of phonons and further low 
energy carriers. At the end of this stage, which lasts about a few picoseconds, almost all the 
electrons lie near the bottom of the conduction band, while the holes at the top of the valence 
band.
The third stage is quite complex. In this stage the electronic excitations migrate along 
the crystal lattice and eventually localise after interaction with defects and impurities. It 
is possible that electrons and holes are captured by traps, which can completely remove the 
carriers from the luminescence process. This increases the possibility of losses in luminescence.
The fourth stage involves the interaction and recombination of the localised excitations, 
while the fifth stage the emission of luminescence. The energy transfer of the excitations can 
happen in two different ways: e-h or excitonic energy transfer. In the case of electronic (hole) 
recombination luminescence, the consecutive capture of hole (electron) and electron (hole) 
by the luminescence center allows the emission of light. In the less likely case of excitonic 
luminescence, the low energy (valence) exciton can be created only by electrons or photons 
with energy exactly equal to the energy of the exciton. In general, two kind of luminescence are 
known: intrinsic and extrinsic. In the first case, common in halides and oxides, the emission 
of light is due to Self Trapped Exciton (STE)', in the second case, common in crystals with 
activators, the light is generated by their electronic transitions.
In the case of Rare Earth Crystals (REG), with a very high concentration of activators, 
it is possible that hot, i.e. very energetic, electrons directly excite the luminesce centres by 
impact excitation. In these crystals the band structure in Fig.2.1 is not valid anymore. A 
further band appears in the forbidden energy band gap, due to the 4f and 5d levels of the 
RE atoms. The direct excitation of such atoms is possible only if the electrons have energy 
between the e-e-scattering threshold and the threshold energy for electron-RE scattering. 
This process, in general, increases the light output of a scintillator, as the electrons involved 
are not useful for further production of electronic excitations. However scintillation losses 
have to be taken into account if the total light output has to be considered.
Finally the case of cross-luminescent materials should be mentioned. These crystals have 
an outer core band lying between the core and the valence band, at about 2 E g  from the band 
gap. In this case, primary electrons with energy much higher than the e-e scattering threshold 
can create core holes in the aforementioned band. These holes, being at an energy higher 
than the Auger threshold for thermalisation, migrate along the crystal, and eventually are 
exclusively responsible of the luminescence.
2.2 General characteristics
The ideal scintillator for gamma-rays detection is characterised by high density, good conver­
sion efficiency of the incident ionising radiation, short decay time, high radiation hardness, 
good optical and mechanical properties, thermal and chemical stability as well as cheapness. 
However, it is very difficult to find a crystal which satisfies all these requirements at the same 
time. In real life, scintillators are optimised for a specific application, meaning tha t only 
some of the aforementioned characteristics will be realised as a priority. Furthermore, due to 
the solid state nature of these crystals, their characteristics are affected by some limitations 
discussed in the following [32].
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F ig u r e  2 .2 : Pictorial representation of F centres and V* centres in an AHC. Adapted from [29]
2.2.1 Scintillation light output
The light yield F  of a scintillator is defined as the number of photons emitted per unit energy 
absorbed (usually expressed per 1 MeV) and can be expressed by the formula:
F  =  Neh ■ S  ■ Q, (2 .1)
where Neh is the total number of electronic excitation, S  is the probability of transfer to the 
emitting centres and Q is the luminescence quantum yield.
The first two stages of the scintillation mechanism involve the generation of electronic 
excitations. Their total number can be written as [31]:
P-Ea
(2 .2 )
where ^eh is the mean energy needed to create a pair of thermalised excitations, the energy 
of the incident ionising particles and Eg the band gap energy. /3 is a constant experimentally 
measured, in the range of 2 for ionic crystals and between 3 and 4 for more covalent type 
solids like semiconductors. From this formula it is clear that compounds with small band 
gap have a higher number of excitations. Unfortunately, this formula is valid only for simple 
insulators. In the case of more complex lattice structures, useful excitations are the ones 
generated by direct excitation of activators by hot electrons for Ce-doped crystals or the total 
number of core holes in the case of cross-luminescent crystals.
The second factor in Eq.2.1 has a high value when the energy transfer from excitations to 
luminescence centres is efficient. The losses in luminescence due to energy transfer depend on 
the spatial distribution of charge carriers relative to the luminescence centres. In fact traps 
present in the crystal lattice can remove charge carriers from the scintillation process, if these 
are not generated adjacent to the luminescence center.
In an ionic crystal, such as an alkali halide crystal (AHC), it is possible to distinguish 
between deep and shallow traps, both contributing to the removal of carriers from the mi­
gration stage, but only the latter contributing to the delay of the scintillation light emission. 
In fact the carriers trapped in shallow traps can be thermally released and hence participate
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to the recombination processes. In the case of deep traps, as an anion vacancy capturing an 
electron, also called an F  center, the electron is lost for scintillation (cfr. Fig.2.2) but can be 
eventually re-emitted very late.
In an AHC a valence hole can localise in the crystal lattice with the formation of a 14 
center. During the thermalisation, the hole reaches the top of the valence band. It can hence 
localise on a close anion X ~ , which becomes A"®. The hole is then shared between two anions, 
which determines the T4 center, that is the molecule also called Self Trapped Hole (STH)
(cfr. Fig.2.2). Generally the STH is stable at temperatures less than 200 K and is formed 
typically in <  10“ ^^  s. This time being smaller than the hole lifetime, these defects are very 
common in pure ionic crystals. In this case, even if the crystal does not contain luminescence 
centres (as in the case of alkaline-earth fluorides), the absorbed radiation can generate Vk 
centres releasing intrinsic (excitonic) luminescence. Once these centres have emitted photons, 
they vanish and the ionic crystal regains its initial properties.
When the energy of the migrating carriers is high, there is a high probability that the 
hole component of an exciton will generate a Self Trapped Exciton (STE). The mechanism 
for the creation of this trap  is the same as for the STH, with the creation , in this case, of 
the excited molecule { A |“ }*. The STH can emit excitonic luminescence via the interaction 
of an electron from the conduction band with the Vk center of the molecule.
The third factor in Eq.2.1, the quantum efficiency Q, is defined as the ratio between the 
emitted and the absorbed quanta. This is equal to 1 only in case of efficient scintillation. 
However, in general, there is always competition between radiative and non radiative transi­
tions, which gives values for Q <  1. The main cause of loss in luminescence at the luminescent 
centres is the degeneracy of the emission levels. In this case a non radiative transition or the 
delocalisation of an electron is possible. The latter can move freely in the conduction band 
and then recombine either radiatively or non radiatively, can be trapped or can be still bound 
to the luminescent center forming an exciton. In the latter case this exciton can recombine 
and eventually emit photons with different properties compared to the typical scintillation 
photons. It is also possible, in scintillators with a high concentration of luminescent centres, 
that the energy is transferred to another luminescent center. In this way, the energy can 
travel along the lattice until it finds a site, like an impurity, which absorbs it, quenching the 
luminescence process. Of course this problem is not present in high purity crystals, where 
the concentration of these killer ions is extremely low. Finally another effect which produces 
losses in observed luminescence is the reabsorption of luminescence light. It can happen at 
an identical luminescent center, in which case this is called radiative energy transfer, or at 
a different center, with the latter case more harmful than the first one, due to a slightly 
wavelength mismatch with the photodetector.
2.2.2 Scintillation  tim e
In general, the intensity J  of a scintillation rises instantaneously and decays with a decay time 
constant r  following the equation;
I{t) =  loexp  , (2.3)
where poo
/ I{t)dt = Nph = I qt, (2.4)
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with Np/i the total number of photons emitted by the crystal. Np^ is proportional to the total 
number of excitations produced, with the relation Nph =  aNeh, and a < 1 {a = S  ■ Q 
from 2.1). a  depends on the transport and transfer efficiency of the secondary excitations to 
the luminescence centres and on the Q of these latter and in general is considered equal to 1. 
However, a scintillator can be characterised by a rise time constant tr as well, in which case, 
the previous equation can be written [29] :
m  =
N,ph
T - T r
exp I —  — e x p ------- (2.5)
LSO and LYSO crystals, discussed in the following section, follows Eq.2.5. They are charac­
terised by a very short rise time constant, which is actually very difficult to measure, due to 
the finite time resolution of the readout photodetectors, and a decay time constant, typically 
of about 40 ns (cfr. Fig.2.3).
One should also consider the case in which the scintillator has two or more decay time 
constants. In the first case, with ri and T2 as decay constants, and one rise time constant, 
T r ,  as in the case for example of CsLTl, it is possible to write:
I{t) = Nph
1
T l  -  Tr
exp 1 /  tH e x p -----
T2 \  T2
(2 .6 )
The limitations in the scintillation time are due to the speed with which the electronic 
excitations migrate to the luminescent centres and to the lifetime of the emitting level of 
the activator. The overall decay rate of a scintillator, given from the contributions from 
both stages is however given by the longer decay rate value [33]. Any value can be actually 
found for the transfer rate. In fact, it is possible, in very efficient processes, like in Tl doped 
crystals, that the migration of excitation will take quite a long time, of the order of hundreds
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or even thousands of nanoseconds. However, there are materials for which the transit time 
is instantaneous, depending on the direct impact excitation of the luminescent center. If it 
is assumed that the transit time is negligible, then the only contribution to the limitation of 
speed in luminescent materials will be given by the decay rate, expressed as [34] :
(2.7)
with n  the refractive index of the material, Agm the emission wavelength, /  and i the final and 
initial state of the transition and / j. the electric dipole operator, which gives a non negligible 
matrix elements only if the parity of the states involved in the transition is different.
From Eq.2.7 it is clear that when lattice type moves from ionic-type to covalent-type, 
which has as a consequence the red-shift of the wavelength, the decay rate will decrease with 
a factor of i.e 8  in the case of a wavelength shift from 350 to 700 nm. However, this decrease 
is compensated by a related increase of the refractive index, as seen in Fig.2.4. In this figure, 
the LaBrg:Ce appears as the scintillator characterised by the shortest lifetime for the 5d state 
(r 16 ns). This is due to its high energy photon emission (358 nm) and the high refractive 
index (1.95). Other activators that present transitions 5d -4 4f, like Pr^+ and Nd^-f- are 
characterised by an emission at an energy respectively 1.50 and 2.82 eV higher than that for 
Ce^+. This implies faster emission, but sometimes at the expense of a good match with the 
readout photo detectors, due to the too short emission wavelength.
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2.2.3 Energy resolution
The energy resolution of a scintillator read out by a photodetector can be expresses as the 
sum of different factors [35]:
/ Rip + Rinh + Rtr + RpD^ (2 .8 )
with A E  the FWHM of the photoelectric peak in the pulse height spectra and the energy 
of the incident radiation. In Eq.2.8, Rnp represents the contribution to the total energy 
resolution given by non-proportionality effects in the scintillation, mainly due to the action of 
shallow and deep traps on the migrating electronic excitations, as described in the previous 
paragraph. It is difficult to generalise a description for non-proportionality effects, as these 
depend strictly on the properties of the material under study as well as on the energy of the 
incident radiation^. Rinh is related to effects due to inhomogeneities in the crystals which 
cause local variations in the scintillation light output. These can be due to a concentration 
gradient or to local fluctuations of the luminescence centres. In this case the number of 
scintillation photons is dependent on the position along the crystal where the scintillation 
was generated. The sum of the first two terms in Eq.2.8 is also called the intrinsic resolution 
of the scintillator, Ri. Rtr, also called transfer resolution, represents the contribution from the 
efhciency transfer of photons to the photodetectors. This term is dependent on the emission 
wavelength of the scintillator and the QE of the photodetector, on the transmittance of the 
crystal and the reflectance of the reflective coating in which it is wrapped, on the optical 
coupling to the photodetector as well as on the angle of incidence of the scintillation photons 
on the photodetector window. In an ideal scintillator the sum of the first three terms would be
^In [35] it is shown as non-proportionality effects can arise from X-ray irradiation of a scintillator. In this 
case, as the mean interaction depth of the X-rays decreases at lower energies, it is possible that the lum inescence 
is generated at the surface of the scintillator, that could be a less efficient region.
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negligible. Hence the ultimate energy resolution is given by the last factor, called photodetector 
resolution, which can also be expressed as [31]:
=  (2.9)
with v{M)  the variance in the photodetector gain and N^ph the number of detected photons 
by the photodetector.
Prom Fig.2.5 it possible to see that the value of the energy resolution for the traditional 
NaLTl is about 5.6%, quite far from the fundamental limit curve obtained using Eq.2.9. The 
Lu2 SiOs:Ce^'^, with energy resolution ~  7.3% is also far. The scintillators presenting a value 
very close to the fundamental curve are YA10g:Ce^+, LaClgiCe and LaBrgiCe. This is due to 
non-proportionality in the response of the former crystals. Today, the best energy resolution 
obtained with an inorganic crystal, for photon energy at 662 keV, is the outstanding value of 
2.9% (FWHM) obtained with a LaBrgrCe scintillator with 0.5% concentration of Ce^ *  ^ [40].
2 .2 .4  S to k e s  s h if t  a n d  t e m p e r a tu r e  q u e n c h in g
The absorption and emission spectra of a scintillator can be easily described using a configu­
rational coordinate diagram, as shown in Fig.2.6 (a). This diagram represents the potential 
energy of the luminescence center (or activator) in function of its distance from the surround­
ing ions of the lattice, which is well described by a parabola. This energy depends on the 
equilibrium positions and the vibrational levels of the ions, depicted in the figure as horizontal 
lines. Qg is the equilibrium distance between the luminescence center and the ions when the 
former is in its equilibrium state. When the luminescence center is in its excited state, in 
general the equilibrium position Qe will be different, due to an increased distance between 
the luminescence center and the surrounding ions. The shift in the equilibrium distance, 
AQ  = Qe — Qg is the origin of the Stokes shift. In the absorption and emission spectra of 
a scintillator (Fig.2.6 (b)) the Stokes shift is the energy (or wavelength) difference between 
the maximum of the curves, for which the emission curve is located always at a lower energy 
(higher wavelength) than the absorption curve (also called emission redshift). When the lu­
minescence center is excited, it is possible that it de-excites emitting a scintillation photon 
having less energy than the absorbed quantity. However, if the temperature is enough to 
allow the transition to the vibrational level which is at the same energy of the intersection 
of the two parabolas, then the non radiative transition to the ground state is also allowed. 
This is a quenching mechanism due to temperature eflîects. The Stokes shift and temperature 
quenching are strictly connected. In fact, the former is related to self-absorption of the lumi­
nescence light and hence to the final photon yield of the crystal: the bigger the Stokes shift is, 
the smaller the probability that the crystal will re-absorb the emitted photons. However, if 
crystals with low temperature dependence are needed, then lattice structures where the AQ  
is negligible should be considered. In this case the temperature effects will not be a problem, 
at the expense of a reduced light yield.
The entity of the Stoke shift has as well harmful effects on the efficiency of the detector. 
In fact, as a quite large AQ  is desired to reduce reabsorption of scintillating photons, this 
implies that the luminescence center needs to absorb a bigger quantity of energy to de-excite 
in a radiative way.
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F ig u r e  2.6: (a) Configurational coordinate diagram of an inorganic crystal. Curve g refers to the ground 
state, curve e to the excited one. [31]; (b) Absorption and emission spectra of a LSO crystal [37].
2.2.5 R adiation  hardness
The resistance of scintillating crystals to the incident ionising radiation is another important 
quality a good scintillator should present. Ionising radiation can change temporarily or even 
permanently the structure and performance of the crystals. Listed below are the main effects:
• creation of colour centres: these are point defects, that, like an F-center, are generated 
by the absence of an atom from the lattice. They can absorb photons emitted by the lu­
minescence centres at a particnlar wavelength and hence rednce the optical transmission 
of the crystal;
• direct action on the Inminescence centres, with consequent modification of their prop­
erties as spectrnm, decay time and efficiency;
• creation of shallow traps, which can increase the probability of afterglows, and other 
defects that can reduce the mobility of charge carriers in the crystal;
• induced radioactivity.
The radiation hardness is strongly related to the number of ’’controlled” impurities in a 
crystal. This in tnrn is related to the improvement of the crystal growth techniques and the 
purity of the initial material. In fact, it was found that crystals with a lower melting point 
were more radiation hard, due to a better controlled growth phase. It was found as well that 
crystals with no Vk centres present a better hardness, as these increase the probability of 
colour center formation.
For some crystals, it is possible to recover their transmission property with time. However, 
sometimes this recovery time is too long at room temperature. Hence, a solution is to anneal 
the crystal at a temperature and for a time interval dependent on the crystal properties.
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Some other crystals show the recovery of the transmission if irradiated with monochromatic 
visible or ultraviolet (UV) light.
2 .2 .6  D e n s i ty
When scintillating crystals have to be used for the detection of high energy gamma rays, 
then high density materials with high Z  are needed. This is to increase the absorption of the 
photon’s total energy using small size detectors. If the scintillator however, is to be used for 
X-rays and 7 -rays with energy below ~  800 keV, then high density is desired, but not so high 
Z[32].
In fact, in the common ionic crystals, with general binary systems with Ma the
cation and X 5 the anion, the density is dependent on the atomic mass of the cations and on 
the atomic radius of the anions. Fig.2.7(a), shows the density of some fluorides and oxides as 
a function of the anion type, with the same cations. It is visible how compounds with lower 
Z  anions, such as fluorides, have a higher density in comparison to iodides. In fact, the iodine 
ion has a bigger mass than the fluorine, but also a larger atomic radius (see Fig.2.7(b)).
2.3 Classification of inorganic scintillators
In general, scintillating crystals need to be tailored to a specific application, considering also 
the energy range of particles they are meant to detect. Hence, some characteristics might 
be preferred instead than others. For this reason scintillating crystals can be classified con­
sidering the user’s requirements. Therefore, it is possible to distinguish between scintillators 
customised for High Energy, Medical, Nuclear Physics, Astrophysics as well as homeland 
security. In the next two paragraphs only some examples will be given.
2 .3 .1  H ig h  E n e rg y  P h y s ic s  a n d  A s tro p h y s ic s
The main use of scintillators in experiments involving high energy particles is for the mea­
surements of their energy. Particle physics experiments use two different calorimeter-types 
to measure particle energies: the hadron and electromagnetic calorimeter (HCAL and EGAL 
respectively). In the flrst case the detection of heavy particles, interacting via the strong 
force (such as protons, neutrons, pions, kaons, etc.), is involved; while in the EGAL the en­
ergy of particles interacting via the electromagnetic force (such as photons, electrons and 
positrons) is measured. Due to the high level of radiations to which the crystals are exposed, 
a high radiation hardness is required. Also, it is fundamental to have high density materi­
als, not necessarily with high Z: in fact the small sizes given by high density allow higher 
granularity of the system and better operation in high magnetic flelds (containment of lateral 
showers), while the low Z  implies a better position resolution and transversal separation be­
tween events. An important characteristic scintillators should have is also a very fast decay 
time: in fact, it is important that the dead time of the scintillator is less than the event 
rates, i.e. the particle bunches crossing time, to avoid pile-up of signals. There are no strong 
constraints, however, on the light output as it is expected a big amount of energy deposited 
in the calorimeters. Finally, there is the cost, which, considering the large amount of volume 
covered by detector-systems in HEP experiments, becomes an important factor as well.
As for HEP, in the case of Astrophysics experiments, two are the main applications that 
involve inorganic scintillators: low orbit satellites and space missions. While in the flrst case
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F ig u r e  2.7: (a) Density of MaNb  binary com pounds and (b) ionic radius as a function of the anion type [32].
the detector-system is shielded by the magnetic field of the Earth, in the second case the 
system is subject to the interaction with the solar wind. Hence, in the latter case the demand 
for high radiation hardness is a constraint. To avoid loading the system, the scintillators fol­
low orbit satellites are usually not so dense. In both cases fast crystals with very good light 
output are required. Finally there is also some interest in the development of a position sensi­
tive telescope. In this case, unlike the crystals for HEP, a requirement is a non uniform light 
output along the crystal. This is obtained by roughening the side surfaces of the scintillators
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F ig u r e  2.8: Some scintillating crystals w ith dimension equal to 1.5 Xo [37].
B Î3 G e4 0 i2 L aB r3:C e L u 2 S i 0 5 :C e L u i.8 X 0 .2 8 1 0 5 : C e N a I :T l C sI:T I
p (g/cm'^) 7.13 4.88 7.35 7.1 3.67 4.51
73 47 66 60 50 54
Xo (cm) @ 511 keV 1.04 2.13 1.14 1.2 2.91 2.43
Xmax (nm) 480 380 420 420 415 560
Tl @ Xmax 2.15 1.9 1.85 1.81 1.85 1.78
Td (ns) 300 16 33-40 41 250 10000
Y (photons/keV ) 8-10 63 27 32 38 52
Hygroscopic No Yes No No Yes Slightly
T a b le  2.1: Characteristics of some common inorganic crystals used in the detection of high energy photons 
[38] [39]. All crystals listed in the table are activated crystals, i.e. doped with activating ions in the host 
lattice, except BGO which is in fact an exam ple of a self-activated crystal, in which the radiating centres are 
constituent of the lattice. In the table, p is the density, Zef f  the effective atom ic number, X q the radiation 
length, Xmax the maximum emission wavelength, n  the refractive index, Td the decay tim e constant and Y the  
light yield of the listed crystals.
with special roughness patterns. Very good spatial resolution of the order of few mm are 
obtained using coincidence signals from two photodetectors at the two ends of the scintillator 
under test. This value however, is strongly dependent on the dimensions of the crystals as 
well as the energy resolution and the light yield.
2.3.2 Scintillators for M edical Physics
Varions applications in the field of Medical Physics use scintillators to detect photons up to a 
few MeV. Among these applications it is possible to list X-ray radiology, magnetic resonance 
imaging (MRI) and emission tomography. The latter has seen strong development in the last 
years thanks to the knowledge transfer of scintillators made for HEP experiments. In what 
follows only the main characteristics of a PET system, the main motivation for this thesis, 
will be described.
The most important parameter of a PET scanner is the sensitivity. This is defined as 
the number of useful detected events in the reconstructed image per absorbed dose. Hence,
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in a high sensitivity system, the patient is injected with a smaller amount of radio-tracer.
Of course, a scintillator used for detection of gamma rays has to be as dense as possible 
and, unlikely in applications for HEP, should have a high Z. The first property allows the 
construction of scanners with high granularity, which in turn improves the performance of the 
whole system, reducing for example the number of spurious counts, i.e. from non annihilation 
events. The second property, instead, increases the probability of full absorption of photon 
energies, increasing in fact the stopping power of the crystal. The sensitivity of a scanner 
can be increased using crystals with high light output, which improves the energy resolution 
and hence the possibility to reject Compton events, increasing as a consequence the spatial 
resolution as well. Finally, scintillators with short decay time are also desired to enhance the 
counting rate of the detector. This in turn  improves the Signal-to-Noise ratio of the whole 
system. Separating the main signal from the background improves the image quality and 
as well the dose given to the patient. Moreover, fast scintillation is extremely welcome in 
Time-of-Flight applications, as in these applications further information on the position of 
the annihilation is given, which can increase again the sensitivity of the system.
In Tab.2.1 some of the inorganic crystals typically used in PET systems are listed. For 
a long time NaLTl had been the preferred crystal in nuclear medicine, due to the very high 
light output and the easy production technique which implied low cost. Since then, BGO, 
developed for HEP experiment by a CERN collaboration, became the optimum choice, due to 
its higher density and conversion efficiency. However, this crystal has a quite low light output 
and a long decay constant. A new candidate recently developed is attracting interest for use in 
PET (and ToF-PET) scanners: LSO and its cheaper variation, LYSO. These crystals present 
very high light output, very short decay constant, high density, good conversion efficiency 
and, in the case of LYSO, also relatively cheap production costs. Finally, LaBrg has recently 
been studied by some research groups. Although its extremely high light output and short 
decay time are very attractive, the lower density and conversion efficiency do not make it the 
ideal candidate for PET systems.
2.4 Contributions to  the tim ing resolution
As seen in the last paragraph, there is a trade off between the dimensions of a crystal and the 
constraints on the timing performances of a system, as for example in ToF-PET. In fact, in 
this case a longer crystal would improve the absorption efficiency of the detector, but at the 
same time will increase the probability of spurious signals and as well as the increasing time 
of propagation of scintillation photons inside the scintillator.
A photon that interacts with the crystal has a certain probability to be absorbed tha t is 
given by Eq.1.6 and 1.7:
Pats =  1 -  (2.10)
with d the thickness, [i the mass attenuation coefficient and p the density of the material.
As an example, Fig.2.9 shows the absorption efficiency for a Saint-Gobain Lui.gYo.gSiOs. It 
is possible to see that for increasing thicknesses of the crystal exposed to gamma radiation, 
the percentage of photons absorbed increases at fixed energy. Then, at E j = b l l  keV, the 
absorption efficiency of a scintillator 20 mm thick is about 80% against the ~  30% of a 4 mm 
thick crystal. This would encourage the use of longer crystals, however, in what follows the 
reason behind the choice of smaller size crystals are explained. In particular the variance due 
to the propagation time of scintillation photons inside the crystal, cTprop, and to the statistics
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F ig u r e  2.9: Absorption efficiency of a Saint-Gobain LYSO crystal using the absorption coefficients calculated  
in [14]. The dashed red line indicates the energy E j  =  500 keV.
of the photon detection agtat are calculated. The time needed to transfer the energy of the 
ionising particle to the luminescence centres and their emission decay is assumed of the order 
of tens of ps, arise ~  20 ps (i.e. REG and cross-luminescence materials, cfr. 12.1). Finally, in 
what follows the photodetector intrinsic time variance is not taken into account . Hence the 
total contribution to the timing resolution given by the scintillator, asdnt, is:
^ s c in t  — ^prop T ^ 2s ta t + (2 .11)
2.4.1 Variance in the propagation tim e
Eig.2.10 represents a diagram of a scintillator of length L, optically coupled to a generic 
photodetector via silicon grease. In this case the only variables to consider for the calculation 
are the initial axial angle, 6, the axial distance at which the photon is generated relative to 
the end of the crystal connected to the photodetector, as well as the refractive index of the 
crystal, Uc, and of the surrounding medium, Ug. This is due to the fact that the component 
of the velocity of the scintillation photon changes only along the axis perpendicular to the 
interaction plane, i.e. the plane where the photon is refracted or reflected [41].
The propagation time is defined as the total axial length traveled by the photon over 
its speed in the crystal. The latter is defined as the ratio between the speed of light and 
the crystal refractive index, c / r i c .  As the system has an axial symmetry, two cases can be
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F ig u r e  2 .10 : Scheme of the propagation of a scintillation photon in a LYSO crystal, w ith 0 the initial axial 
angle of propagation. L is the total length of the crystal, while xo is the position of the photon emission. The  
surface between the silicon grease and the scintillator is the plane x =  0. The lines relative to  the photon path  
are only indicative.
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where xq is the axial position of scintillation photon generation. Now the variance due to 
the time propagation is given by the maximum variation, following the equation:
_  4.max _  ^min 
i-\bpqrop ^prop ^prop (2.13)
In fact, considering that the minimum propagation time will be given when a photon is 
generated at xq =  0 with 6 = t t ,  then tprop =  t^op =  0. The maximum of the propagation 
time will be instead given by a photon generated at a maximum angle, 6max-, with positive 
axial component of the velocity at a:o — 0. In fact, in this case where the photon travels back 
to the end opposite to the photodetector, has multiple reflections on the side surfaces of the 
crystals and eventually goes back (cfr. Appendix A):
^tmax —
2L
cos Or c
(2.14)
which in the case of a LYSO crystal with L =  2 0  mm, Uc =  1.81 and 9c — 54°, it gives 
^tmax — 410 ps. This estimate is based on the assumption that the photon travels maximum 
twice along the crystal. Of course, multiple travels should be considered as well as the 
contribution due to the concentration of activators for a more accurate calculation.
2.4.2 Variance due to  th e sta tistics o f photon  detection
The variance on the rise time given by fluctuations in the emission, transmission and collection 
of the scintillation photons was calculated by Post and Shiff [42]. Their calculation does not 
contemplate the effect of the readout electronics on the variance and requires the two following 
conditions:
1 . the propagation time of the flrst photoelectron inside the photodetector is negligible.
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2 . the output pulses of the photodetector are fed in a discriminator which records a pulse 
only if the input signal contains Q photoelectrons, i.e. if the scintillator output is 
converted by the photodetector in a signal corresponding to Q photoelectrons.
From Eq.2.3 and 2.4 the mean number of photons generated between t  = 0 and t is given by 
the function F(t):
F(t )  = j  I{t')dt' =  N„h ( l  -  . (2.15)
Hence, considering the PD F (or generically the QE) of the photodetector, the former equation 
gives the mean number of photons in the output signal of the photodetector, f{t):
f i t )  = P D E  • JVpft ( l  -  e - '/ r )  = r ( i -  e - '/ r )  , (2,16)
with R  = P D E  • Nph the number of scintillation photons detected by the photodetector. 
Therefore, the mean time of occurrence of the Qth photoelectron in the output signal is 
found from 2.16:
Q =  ^  f{ t')d t' = ^tq  = r I n  ' (2.17)
Now, as the two following statements are true:
• the number of scintillation pulses converted into an output signal by the photodetector 
is small and random,
• the magnitude of the initial excitation is randomly distributed,
the probability to have N  pulses between t = 0 and t  is described by the Poisson distribution:
(2.18)
Hence, inserting Eq.2.16 in Eq.2.18 for N  = Q, the variance due to the statistics of photo­
electron detection time, at the second order of its series expansion, is obtained [42] :
^stat — '
1 +  2  (Q +  1 )
R (2.19)
This equation shows that the time resolution of a system get worse if the threshold of the 
discriminator is set high, which means that the discriminator threshold should be set at the 
level of the minimum detectable number of pulses. Also, it is visible how the PDE plays 
a role in the time resolution: the higher the number of photons detected, the smaller Ostat- 
However, it is important to remember that R  is strongly dependent on the photon yield of the 
scintillator. Finally, in the previous equation, also the decay time constant of the scintillator 
should be as small as possible, to contain the loss of time resolution.
CHAPTER 3
Silicon Photomultipliers and digital pulse processing
The Silicon Photomultiplier (SiPM) is a relatively new low intensity light sensor intro­
duced in the 1990s by pioneer works in Russian Institutes. It is the solid-state equivalent 
of the Photomultiplier Tube (PMT), but due to its semiconductor nature it has some ad­
vantages on traditional PMTs. For this reason, it is a natural alternative in applications 
in which PMTs were used in the past. These applications range from Medical Physics 
to High Energy Physics as well as biophysics and homeland security. A few applications 
involving or planning an involvement of SiPMs for their timing properties were listed in 
the first chapter. In what follows a quite detailed description of the working principles of 
SiPMs, a list of the various topologies proposed by manufacturers, a description of their 
parameters and a short list of other not timing-related applications are given. Finally 
digital acquisition techniques, analog and digital filtering and timing techniques are also 
discussed.
3.1 Structure of a SiPM
Silicon Photomultipliers are devices made of a m atrix of Avalanche Photodiodes working in 
Geiger mode (GM-APDs). Depending on the application where these detectors have to be 
used, there are three different geometric structures available for APDs. These are shown in 
Fig.3.1 along with the relative shape of the electric field strength that characterise them, 
which are described as:
• beveled edge,
• reach-through,
• shallow junction.
These three structures are differentiated by the particular superposition of differently doped 
layers. The main reason behind this is the creation of a particular shape of the electric field 
which can be optimised for the detection of a particular range of wavelengths. The beveled 
edge structure, commonly recognised as the first structure used to construct an APD, has the
37
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F ig u r e  3 .1 : Common structures for APDs; (a) beveled-edge (b) reach-through and (c) shallow-junction. (d), 
(e), (f) represent the electric field along the photodetectors. The dashed lines indicate the gain region.
characteristic beveled edge to prevent edge breakdown as well as to reduce surface currents. 
The electric field is quite strong throughout the device and this makes it quite slow and noisy. 
The reach through device requires a more complicated technology to be produced, but gives 
the best performance for A > 500 nm. Finally only recently the shallow junction has been 
considered by APDs producers. It has the advantage of being easily fabricated and of being 
suitable for blue light detection, hence as scintillator readout. The last two structures will be 
described in more detail in what follows.
In a SiPM, all the GM-APDs are connected on a common silicon substrate and their 
density in a typical SiPM is about 10  ^ pixels/mm^. Each APD, depending on the voltage 
applied, can operate in mainly two different modes; the linear mode and the Geiger mode 
(Fig.3.2).
When the applied bias voltage is below the breakdown voltage, then the number of 
electron-hole pairs created is proportional to the number of the absorbed photons. When 
the bias voltage is above the breakdown voltage, then a single photon (or a thermal carrier) 
can create a huge number of electron-hole pairs (an avalanche), but this time the output 
signal corresponding to the avalanche is not proportional to the number of incident photons 
anymore. Therefore, Avalanche Photodiodes in Geiger Mode behave mainly as binary de­
vices, giving in output a standardised signal. Hence, to have an output signal proportional 
to the number of incident photons, it is possible to segment the APD in many microcells or 
pixels connected in parallel giving in output a unique signal, given by the sum of the standard 
pulses from each fired APD and proportional to the number of fired cells. Adjacent pixels 
are electrically decoupled by polysilicon resistor strips and guard rings between two adjacent
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F ig u r e  3 .2 : (a) Operative m ode of an APD  in linear and Geiger m ode [43] and (b) top view of an Ham am atsu  
M PPC [44].
pixels, made of n -type on p+-type substrate, to guarantee a uniform electric field within a 
pixel (Fig.3.3) [43]-[50],
3.1.1 T he avalanche micro cell 
The reach-through APD
The structure of the avalanche microcell also known as ’’reach-through avalanche structure”
[51] is characterised by a cell divided into four layers: p — 7F — (as in Fig.3.3) if the
device is optimised for red-wavelength detection or p+ — n — tt for blue wavelengths
(Fig.3.1 (b)). In the first case, mostly used by Russian manufacturers (cfr. Tab.3.1), the basic 
material is a p-type Silicon wafer whose top contact is a semitransparent metal contact with 
an antireflection coating [52], which is very important for the optimisation of the Quantum 
Efficiency of the device.
The first layer is thin and represents the entrance window of the device. Under this there 
is the superposition of three p layers that are differently doped and have different thicknesses 
to obtain an electric field suitable for the avalanche creation. The first of these is a thin 
p-layer that creates a —p junction with the upper layer, the second a slightly doped thick 
(2-3 pm) TT-silicon layer and the third one is the layer connected with the positive electrode 
(p-contact).
The device is biased in reverse mode to increase the electric field at the junction between 
the n+ — p layers. In this way, the depletion region extends up to the thick 7r-layer. The 
electric field (Fig.3.1 (e)) is maximum in the region of the junction and starts to decrease 
in the region beneath in which it is mainly constant and then reaches the zero value in the 
junction between the vr-layer and the layer connected with the anode.
When a photon enters the device, depending on its wavelength, it travels until the 7r-layer 
and here creates an electron-hole pair. The charge carriers generated in this way start to 
travel along the device in opposite directions, the electrons towards the cathode and the holes
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F ig u r e  3 .3 : The structure of a SiPM: (a) microphotograph and (b) topology of the G M -APD from [46].
towards the anode. During their drift, the electrons experience a very high electric field at 
the junction n+ — p; they acquire enough kinetic energy to start other ionizations and to 
create other carriers. At this time, an avalanche is present in the device and a current signal 
is now observable outside the device. At the interface between the high resistive layer and the 
n+-silicon layer the avalanche causes the flow of a current and the accumulation of electrons. 
This accumulation creates a counter electric field that screens the high electric field in the 
n'^ — p junction [52] [53]. The electrons are decelerated and therefore the avalanche is (pas­
sively) quenched. The avalanche is afterwards terminated due to the negative feedback of the 
resistive layer. Hence, the device has an internal gain mechanism, because of the fact that a 
single electron drifting from the 7r-layer can create an avalanche made of a great number of 
charge carriers.
The shallovy junction APD
The shallow junction APD is shown in Fig.3.1 (c-f). It was first created by Hamamatsu 
engineers as the APD SPL 2560 for the CMS experiment at CERN, as scintillator readout
[49]. This particular geometry is optimised for blue light detection, due to the very shallow 
junction at the top of the device. Low wavelength photons, having smaller attenuation length, 
can be absorbed in the top few micrometers of the sensor. Here, due to the highly doped top 
layer, the electric field is very high; this favours the impact ionisation process. Due to the 
smaller thickness of the avalanche region, compared to that of the reach-through device, this 
geometry gives a smaller gain. However, advantages are a faster response, in particular for the 
p on n devices: in this case the electrons generated in the first few //ms of the device, quickly 
generate avalanches as they are directly generated in the high electric field region. The loss 
in gain comes principally by the fact that the holes generated in this top layer are quickly 
collected at the anode, reducing in this way the probability of hole generated avalanches.
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Moreover, this geometry guarantees also smaller dark noise contribution to the output current: 
as the electric field is very weak in the epi-layer, there is a very small probability that trapped 
carriers are accelerated so that they gain enough energy to generate an avalanche. For the 
same reason, these devices suffer less temperature effects than reach-through devices.
The Back Illuminated Drift SiPM
A device with a more complex structure of layers and also with a different way of charge collec­
tion was developed by the Semiconductor Laboratory of the Max-Planck-Institute (MPI) for 
Physics and is called Back Illumination Drift Silicon Photomultiplier (BID-SiPM) [54] [55] [56]. 
This device is shown in Fig.3.4. The incident photons enter from the unstructured shallow 
p+-layer that extends over the whole surface: this improves the geometrical efficiency fac­
tor, improving in this way the Photon Detection Efficiency. Then the photon creates an 
electron-hole pair at different positions of the relatively thick depletion layer, depending on 
the wavelength. This generates time jitter on the detected signal determined by the different 
origin points of the pair. Having a p o n n  junction, this particular structure of layers allows 
the detection of blue light, in contrast to the SiPM with n on p junction. However, the huge 
active layer allows also the detection of IR-radiation that is disadvantageous for some appli­
cations, as for air Cherenkov telescopes, where there is an important contribution from the 
background radiation for long wavelength. The photoelectrons are then focused into a small 
avalanche region in the front of the device. Here the high electric field is created between the 
n+ doped anode on the front and the buried p-layer connected also with the front through 
p+-doped rings Rq. The reverse bias voltage is applied between the anode and these R,q rings. 
Guard rings R i and R 2 surround the avalanche region to suppress high electric fields in the 
edge regions as well as to increase the collection time of the electrons on the anode and at 
the same time prevent injection of holes in the depletion layer. Another advantage in the 
use of this device comes from the small capacitance due to the thin avalanche region, that 
however implies also low gain. A big issue of this device is mainly the huge depletion layer 
that implies optical crosstalk, high dark current and also a relatively large (in comparison 
with usual SiPMs, but much less than APDs and PIN diodes) nuclear counter e f f e c t A
M he Nuclear Counter Effect, NCE, is the name given to the direct interaction of the ionising radiation  
within the active volume of the photodetector. In a general photodetector the generated signal could be even
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M anufacturer A P D  stru ctu re L ocation C oun try D istr ib u to r
MEPHI/PULSAR reach through Moscow RU Photonique
OBNINSK/CPTA MRS reach through Moscow RU CPTA /  Advatech
Hamamatsu shallow junction/reach through Hamamatsu JP Hamamatsu
SensL shallow junction Cork IE SensL
FBK/ITC-irst shallow junction Trento IT AdvanSiD
MPI back illumination drift Munich DE n.a.
JINR MRS reach through Dubna RU Mikron
ST-Microelectronics shallow junction Catania IT ST-Microelectronics
T ablé 3.1: Table of some manufacturers listing the peculiar structures for the single APD and their location 
and distributor.
solution to the high dark current could be cooling the device.
3.1.2 T he operation  principle
As already explained in the previous paragraph, a SiPM can be described as a m atrix of GM- 
APD connected in parallel. The equivalent circuit for this device is represented in Fig.3.5 (a). 
Here each GM-APD is schematised as a diode D i  in series with a resistor R q . . The cells are 
reverse biased applying a voltage Vb ia s  between the resistors and the metal contact of the 
diodes. It is possible to model each GM-APD with an electrical circuit and two probabilities
[50] [58]. The electrical circuit Fig.3.5 (a) is composed by the junction capacitance Cjo, a 
resistor R s  including both the resistance of the neutral regions and the resistance of the 
space charge region, a quenching resistor R q  that allows the stop of the avalanche as well as 
the recharging of the diode to the initial voltage, a voltage generator Vb ia s  that represents the 
voltage applied to the device and another voltage generator Vb r  in series with R s-  Finally, 
the branch in which Vb r  and R s  are, is connected to this principal circuit by a switch.
The initial condition of the device can be called the pre-breakdown state. In this state the 
switch is open and Cjo is charged to the bias voltage, where V b ia s  > V br- When a charge 
carrier travels in the high-electric field region then there is a non zero probability, named 
triggering probability Ptrigger to generate an avalanche. In this case, the breakdown state, the 
switch is closed and C d  starts to discharge through R s  until its voltage is equal to V br-  The 
current signal observed at the output has a time constant t d  = R sC d  (Fig.3.5 (b)). It is 
worth to note that this time constant is affected by the time the avalanche needs to build up 
(~  ps) that can be equivalent to t d  {R s  ~  1 kQ). The output current has a maximum at the 
value Imax ~  {V b ia s  — V b r)J R q -  When the output current reaches a value below 1 0 - 2 0  /rA, 
that is defined as the value of the latching current I I ,  there is a high probability, called the 
turn-off probability Pquench-, that the avalanche is quenched by R q  (in a time of about Ins) 
[59]. The value of if, is very important because it sets the minimum value for R q  to quench 
the avalanche. Now the device is in the post-breakdown state, in which the switch is open 
again and C d  is charging to V b ia s  with a time constant t c  = R q C d -  This time constant 
also represents the dead time of the APD, because in this time the device cannot detect any 
incident photons. When the voltage across C d  is again V b ia s  i the device is ready for a new 
avalanche discharge.
greater than the scintillator signal. In the case of the SiPMs, this effect is negligible because of the standardised 
output and is typically equivalent to the signal generated by one photon or a dark count [57].
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F igure 3.5: Equivalent circuit of (a) a SiPM and (b) a GM-APD and behaviour of the output current I d 
with the time [50] [43],
3.2 Param eters of a SiPM
3.2.1 Gain
The gain in a GM-APD is defined as the fraction between the total charge produced in the 
avalanche event and the electron charge:
Qtotal Cd {Vb ia s  ~  Vb r )
Cpixel (3.1)e e
Following the previous description of the SiPM, the total gain, or the gain of the whole SiPM 
is then given by:
^  (3.2)
i
where is the gain of the i-th GM-APD. From Eq.(3.1) the gain is the total number
of charge carriers produced during an avalanche and it depends on the overvoltage and the 
value of the diode capacitance. However, it is also temperature dependent, due to the fact 
that V b r  varies with the temperature as A V r r / ^ ^ T  =  50 mV/K [43], (cfr. Fig. 3.6). Then, 
from Eq.3.1, increasing the value of V b i a s  and the area of the pixel, increasing in this way 
Cd, the gain should increase. The values of the gain recorded in literature are in the range 
10  ^— 10  ^ [60] [61]. In [46] the SiPM gain variations with overvoltage were estimated as dC /G  ~  
7-dVBiAs/VBiAS, while the SiPM gain variations with temperature as d C /G cr 1 .3-dT/T{K ).
3.2.2 P h oto -d etection  Efficiency
The photo-detection efficiency of a SiPM is determined by three equally important factors and 
depends on the incident photons wavelength. A: the quantum efficiency (QE), the triggering 
probability and the geometrical efficiency.
1. Quantum Efficiency
The quantum efficiency defines the probability that an incoming photon creates an 
electron-hole pair in the active layer of the device. Two factors contribute to this 
efficiency:
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• the transmittance of the dielectric layer on the top of the device;
• the internal quantum efficiency.
The internal quantum efficiency describes the probability that a photon that has pene­
trated the device creates an electron-hole pair in the active layer. This active thickness 
is included between the n+ upper layer and the lower layer: in fact in these two 
highly doped layers the probability of recombination of the two generated carriers is 
very high. The optimisation of both quantities depends on technological improvements 
of the fabrication process. To minimise the reflection of photons on the Silicon surface 
it is possible to implement suitable anti-reflective coatings. Whereas, depending on 
the wavelength of the incident fight, the internal quantum efficiency for radiation with 
high A is maximised by increasing the thickness of the depletion layer, and for short 
wavelength by using a shallow junction.
2. Triggering probability
If a photon (or more generally a carrier) enters in the high field region, there is a 
certain probability that it will photogenerate an electron-hole pair as well as there is 
a probability that the generated carriers will create in turn an avalanche by impact 
ionisation. Then an electron going to the side can cause other ionizations as well 
as the hole going towards the p+-layer side. But there exists also a certain probability 
that neither the electron nor the hole cause further ionisation. Two conditions have to 
be met to have an avalanche: the first carrier must cause at least one ionisation and its 
descendants must also create at least one electron-hole pair during the transit time. If 
this condition is satisfied, then there will be an increase of the current in the system for 
a constant bias. If we call Pe{x) and Ph{x) the probability that respectively an electron 
and a hole starting in the position x  in the depletion layer trigger an avalanche, then 
the probability that none of them create an avalanche in the position x  where they were
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F ig u r e  3.6: Graph of the SiPM gain versus the overvoltage Vov at different value of the tem perature. Adapted  
from [43].
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created is given by (1 — Pe) ■ (1 — Ph)- Then, the opposite probability that both of them 
create an avalanche is [58]:
Ppair — Pe P  Ph PePh (3.3)
The probability that an electron in the position x + Aæ starts an avalanche Pe(æ + Ax) is 
given by three factors: the probability f^(x), the probability that it creates an ionisation 
in the space Ax given by the product of Ppair with CKgAx (i.e. the probability that a 
pair is generated in Ax), with cKg the impact-ionisation coefficient (cfr. ^1.4.1), and the 
negative of the product of the first and the second term [58] :
Pg(x +  Ax) =  Pg(x) +  OfgAx [Pg(x) +  P^(x) -  Pg(x)P/i(x)] 
-  T ^ (x )o :gA x[T ^ (x ) +  T % (x )- f^ (x )jF % (x )] ,
that in the differential form is written: 
dPg(x)
dx
=  (1 -  Pg(x))ae [Pg(x) +  Ph{x) -  Pg(x)P/i(x)] .
(3.4)
(3.5)
(3.6)
A similar equation can be derived for Ph but both of them can be solved only numerically, 
using suitable boundary conditions. Qualitatively, it is possible to draw the behaviour of 
this probability versus the position in the depletion layer where they start an avalanche 
as in Fig.3.7 [50]. Here we can see that in the region, Ptrigger is well approximated 
by Ph'. in fact, when a pair is created in this region, the hole is forced to pass through 
the high field region reaching enough energy to generate other ionizations, while the 
electron is directly collected on the cathode without contributing to the total current. 
The same happens in the region, inverting the roles of the electron and the hole and 
so, in this case, Ptrigger = Pe- In the central region both carriers contribute, in different 
ways, to the current signal.
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F ig u r e  3.7: Triggering probability versus the position of the photogeneration [50]. P cM and PhM are the  
maximum trigger probability respectively for an electron and for a hole. Pt is the total trigger probability  
given by the combined contribution of holes and electrons.
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3. Geometrical efficiency
The geometrical efhciency is defined as the ratio between the active area and the total 
area exposed to the radiation. Usually this number is less than one because each pixel 
is surrounded by a dead zone determined by the guard rings and by the trenches that 
prevent optical cross-talk. Even if these structures are very small, their relative size is 
not negligible in comparison with the size of the pixel: for example, for a SiPM with 
cells of 30 X 30 /rm^, even few microns of dead area can lower the geometrical efficiency. 
The values of the geometrical efficiency usually range between 20%-70% of the total 
area [61], but generally it is possible to choose devices with a geometrical efficiency 
optimised for a particular application. For example [60], in the case of the detection 
of few incident photons using a device with big cells, the geometrical efficiency will be 
50%; in the case of an intense irradiation, to avoid saturation effects, it is possible to 
use a device with a large number of small size cells and have a geometrical efficiency of 
20-30%. Moreover, there are some devices [45] that allow a great geometrical efficiency 
using backside illumination: in this case the side exposed to the incident photon flux is 
free from dead areas.
3.2.3 N oise
1. Primary Dark Count
An avalanche can be started not only by a photoelectron generated in the vr-layer by an 
incident photon, but also by a thermally-generated carrier in the depletion region. Due 
to the high electric field, these carriers can reach the suitable energy to start an avalanche 
and then generate a signal indistinguishable from the ” original-photoelectron” signal. 
For this reason these events can be considered as noise, and in fact they are generally 
called dark noise [62]-[57]. The dark noise increases with temperature, the detector 
volume and bias. The latter because an increase in the bias corresponds to an increase 
of the electric field at the — p junction and then to an increase of the probability 
of field assisted generation and collection of carriers outside the depletion region. The 
number of carriers thermally-generated can be calculated with the relation:
AfcarHer oc exp(-F7gap/2A;gT), (3.7)
where T  is the temperature and Egap is the energy of the band gap.
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F ig u r e  3 .8 : Thermally and field-assisted generated carriers [60].
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Defining rii as the intrinsic carrier concentration and Tg as the generation lifetime (oc 
1 /nmnber of generation centres), we can calculate the generation rate, Gt, as:
Gt = (3.8)
and the dark counts, DG, as [60]:
DG  — Ptrigger ' ' G t, (3.9)
where is the area efficiency.
The free carriers that cause the dark noise are due to two different effects: the thermal 
effect and tunnelling. Different methods to minimise the effect of thermally-generated 
free carriers are:
• cooling the device, with a dark counts reduction factor of 2  every 8  °G;
• reducing the bias voltage, that results in a smaller electric field and then lower 
gain;
• minimising the number of generation-recombination centres, impurities and crystal 
defects.
The only method to minimise the carriers generated by tunnelling is to reduce the 
electric field [60]. Fig.3 .8  shows both thermally and field-assisted generated carriers.
2 . After-pulse
During an avalanche some charge carriers may be captured by impurities in the depletion 
region. The trapped charge, after some time, can be released and initiate new avalan­
che events if the APD is almost completely charged (cfr. Fig.3.9). This phenomenon 
increases with the concentration of trapping centres and with the number of carriers 
created in the avalanche. Since the current generated by these carriers discharge the 
APD to the breakdown voltage, the greater the bias voltage, the greater the probability
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F ig u r e  3 .10 : Optical cross-talk in an GM -APD [60].
of afterpulsing [65]. This probability, Pap, at time t after an avalanche event is given by 
equation (3.10), [43]:
g-t/T
Papif) — NcPt ^ Ptriggeri (3.10)
where Nc is the number of carriers generated in the avalanche, r  is the average lifetime of 
the trap, Pt is the trap capture probability and Ptrigger is the triggering probability. Pt 
depends on both the number of traps and the number of carriers created in the avalanche; 
Ptrigger depends on the bias voltage and the recovery condition of the microcell; r  
depends on the position of the trap in the depletion region: in fact it is possible that 
the electric field in this region deforms the energy level of the trap so that the deeper 
its position in the band gap is, the longer the releasing time of the trapped charge is.
3. Optical Cross-talk
The photoelectrons created during an avalanche could be lifted into a higher energy 
band. During the relaxation, these electrons can emit photons (^  3 photons per 10  ^
gain [60]) with an energy above the band gap energy of Silicon Egap =  1.14 eF. These 
photons can travel along the device, can be absorbed in the sensitive volume of an 
adjacent cell and start an avalanche there (cfr.3.10). In this way also cells that are not 
involved in the ’’original” avalanche can give an output signal. For this reason this effect 
is considered as a contribution to the total noise in the device.
There are three different methods to reduce optical cross-talk [57]:
• By reducing the bias voltage the gain of the SiPM is reduced, and thus the num­
ber of carriers generated inside the device, and consequently the possibility of 
secondary emission of photons. This is not a good solution because in this way 
also the breakdown probability is reduced which also reduces the PDE of the SiPM;
• By reducing the parasitic capacitance in the device: in this way the number of
carriers traveling in the device is reduced, but also the PDE;
• The definitive solution to this problem is the etching of trenches between two 
consecutive cells as optical barriers for secondary generated photons.
4. Excess noise factor
The excess noise factor is represented by the multiplication noise due to after-pulses
and optical cross-talk for each pixel. This factor can be calculated as:
a
(3 .11)
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where G is the gain of the GM-APD and its variance measured from the width of a 
single electron spectrum [64].
3 .2 .4  D y n a m ic  ra n g e  a n d  l in e a r i ty
The principal problem of an GM-APD is that even if two photoelectrons start an avalanche in 
a single pixel of the device, the output current signal will be equal to the signal generated by 
one photoelectron. Therefore it is impossible to know the number of photons detected by the 
device. This loss of information is compensated by an accurate choice of the intensity of the 
light to be detected. Then, if is constant throughout the cells and if light intensities are 
low, the number of fired cells will be proportional to the number of incident photons. At high 
intensities the response becomes non linear due to the finite number of cells in the SiPM and 
saturation effects can emerge. The equation that describes this behaviour is (cfr. Appendix 
B):
Nfired = Ntotal 1 ~  GXp ^ , (3.12)
where Nfired represents the number of pixels that give an output signal, Ntotal is the total
number of pixels in the SiPM, Nphoton is the number of incident photons and e is the PDE of 
the GM-APD.
Other contributions to the non-linearity can be given by afterpulse and cross-talk effects.
In order to include the contribution from the cross-talk into Eq.3.12 a term e' should be added 
to the term that expresses the PDE, e: in this way the crosstalk increases the total number 
of pixels involved in the detection. Whereas to treat the after-pulses, the probability given in 
Eq.3.10 has to be included: because after-pulses increase only the output current, but not the 
number of fired pixels. The adapted equation that describes the number of triggered pixels 
is [6 6 ]:
N f ir e d  =  ^ to ta l  1 ~  GXp (e  - f  +  ^ ph oton  Pap- (3.13)
Then, the term Ntotali^ +  ^') expresses the fact that the number of fired pixel is increased
from the ’’original” number Nphoton^ due to cross-talk that in fact increases the number of 
the triggered cells.
3 .2 .5  T im e  re s o lu tio n
The distribution of counts versus time for an APD has a particular shape that consists of a 
narrow peak and a slow tail [6 8 ] (cfr. Fig.3.11). The first part is due to avalanche events in 
the high field region: in this case the carriers generated by the incident photon are swiftly 
accelerated and then collected. This collection time depends on the drift velocity of the two 
carriers that in the high field region can be supposed to be equal for both of them and of the 
order of lO^cm/g.
The slow part of the distribution comes from carriers photogenerated in the region free 
from electric field: these carriers diffuse in the device until they approach the region with 
the high field and are then accelerated. The randomness in the path of these carriers affects 
the shape of the time distribution. An additional delay is due to the ” multiplication-assisted 
lateral diffusion” [6 8 ] and covers the time the avalanche needs to breakdown all the junction.
It is possible to describe qualitatively this effect as the construction of many coaxial cylinders 
made by carriers escaped transversally from its center due to the high gradient. The effect is
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terminated when the avalanche occupies the whole layer and hence the output signal reaches 
its maximum. Obviously, this effect is dominant in devices with a thin depletion layer. In 
devices with a thick sensitive layer the major contribution is due to the photon emission from 
hot carriers.
3 .2 .6  T e m p e r a tu r e  d e p e n d e n c e
An increase in the temperature corresponds, as from (3.7), to an increase in the primary dark 
counts. The dependence on the temperature of the dark count rates, D C R (T), for a given 
overvoltage is expressed by:
=  D C 7Z (3o)^exp 1
2kB \ T  To
(3.14)
where Egap is the band gap energy (^  1.2eV in Si), k s  the Boltzmann constant, and To the 
reference temperature.
The junction temperature can also affect the value of the breakdown voltage: at constant 
bias voltage, the lower the temperature, the longer the mean free path of carriers in the device 
that implies a lower breakdown voltage. The temperature coefficient, Ct , of the breakdown 
voltage is expressed by relation (3.15), [69]
Ct  =
1 dVsR -  0.3%/A:. (3.15)
yB7z(ro) dT
This coefficient can directly be measured from the signal amplitude A  using the relation [64]:
Ct {V) — ^ 100%. (3.16)
To measure the temperature coefficient it is possible to record the signals form a LED source 
as a function of bias at two different temperatures and then use (3.16).
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3.2 .7  R adiation dam age
The study of the SiPM response to irradiation is very important to understand the changes 
in its parameters and then the usefulness and stability in a particular application.
Radiation damages in semiconductors can be attributed mainly to two mechanisms [70] :
D isp lacem en t dam ages depend on the kinematic of the scattering (i.e. the energy and 
momentum transfer) between the incident quanta and the lattice atoms. These damages 
then contribute to the change of the electrical characteristic of the crystal due to the 
displacement of the lattice atoms from their initial positions. One of the products 
of the displacement damages is the introduction of a new level in the forbidden gap. 
This level allows the transition between valence and conduction band that is otherwise 
highly improbable: in this way it can assist recombination or generation of charges 
depending on the concentration of carriers and empty defects. The process is always 
in countertrend as a negative feedback. For example in the case of a depletion region 
in which the conduction band is filled with very few carriers, the effect will be the 
generation of new carriers, increasing in this way the noise. In the opposite case of 
a forward-biased region, with a conduction band filled with carriers, the effect will be 
recombination, inducing in this way a loss of signal because the carriers recombine before 
collection. A second effect of displacement damages is the appearance of a new level 
near the band edge that facilitates trapping. Finally, a last effect is the change in the 
effective concentration of dopants because mobile defect states can act as carriers.
Ion isa tio n  dam ages depend only on the absorbed energy and for this reason are sometimes 
expressed in the equivalent absorbed dose related to the particular absorber. The ra­
diation interacting with the silicon-Si0 2  interface of the device, can free holes herein.
In this way it is possible to assist to an increase of charge in the oxide layer and in the 
oxide-silicon interface. Changing the concentration of charge, determines the necessity 
to rearrange the voltage across the device.
Hadrons, high energy leptons and gammas can cause displacement damages through a 
Primary Knock on Atom (PKA) that results in a Frenkel pair (silicon interstitial plus a 
vacancy) [71]. For very high recoiling energy of the lattice atoms defect clusters are created, 
while for low-energy recoil point defects are the dominant result.
An additional complication in the understanding of the post-radiation behaviour is repre­
sented by the annealing effects caused by the dissolution of the damages in migrating inter­
stitials and vacancies. These effects may have a long time constant and it is very important 
to take this into account for a complete estimation of the possible damages.
W ith regard to SiPM a recent work on radiation damage [72] found an increase of the 
leakage current as expected from the previous discussion. The SiPMs show different radiation 
hardness to different radiation types and are more sensitive to hadron fluxes. In fact, a 
consequence of the irradiation with a positron beam is the increase of the leakage current 
and of the dark count rate, but no significant changes in the gain and the PDF. Gamma- 
ray irradiation increases the dark pulses as well as the leakage current and the dark count 
rates. But for hadron fluxes, in addition to these effects, the photon counting capability, gain 
uniformity and the linear dependence of the gain on the overvoltage have to be taken into 
account.
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The ’’current-related damage rate a ” is defined as the leakage current increase resulting 
from a 1 MeV neutron equivalent fiuence 0gg:
AT 
—  =  a - $ eq- (3.17)
For hadron irradiation it is found that Iieakll^^ =  3.2x10"^ This is independent
of the substrate and particle type. Also the dark count rates can increase as well as the leakage 
current due to an increase of the thermal generation after irradiation. The increase in the 
dark count rates in turn is due mainly to afterpulses caused by the trapping centres generated 
by the radiation. Also the photon counting rate is affected by the incident radiation: while 
before it is possible to see distinguishable peaks, after we assist to a shift of the pedestal 
peak channel and generally to a broadening of the peaks (see Fig.3.12). A similar behaviour 
is also observed for the gain linearity: after irradiation there is a deviations from linearity 
that however is only important above 8.0 Gy. The gain uniformity is also conditioned by 
the uniformity of the irradiation on the device: differences among the voltage drops at the 
quenching resistor of the pixels cause significative broadening of the peaks above 2 1  Gy.
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F ig u r e  3 .12 : Consequences of irradiation on a pulse height spectrum. Adapted from [43]. It is visible how the  
multiple-photon discrimination capability is degraded. In fact, while in the first measurement the pulse height 
spectrum shows all the peaks relative to the pedestal and one, two, etc photon detected, after irradiation with  
8  Gy these structures, although still visible, appear more noisy, with the position of the pedestal peak shifted.
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3.3 Comparison between SiPM  and PM T
SiPM and PM T are devices that operate in very similar mode, but nevertheless they present 
some differences due to their different nature. Both of them allow the collection of light and 
are characterised by the same parameters, but the way in which the light is collected and the 
significance of these parameters are very different [16] [17].
The first significant difference is the modality of conversion of incident light:
• the light is absorbed in the SiPM and then produces by photoelectric effect electron-hole 
pairs that start to drift towards their respective electrodes;
• the light entering the window of a PM T collides with the photocathode and here pro­
duces photoelectrons by photoelectric effect. The photon absorbed transfers its energy 
to an electron in the photoemissive material that starts to migrate towards the pho­
tocathode surface from which, if it has enough energy, it can escape. The material 
chosen for this photocathode is crucial because it determines the number of emitted 
photoelectrons^.
The second evident difference is the multiplication process:
• in SiPMs the carriers are accelerated in the region of a high electric field so that they 
can reach enough kinetic energy to start an avalanche process;
• the multiplication process in PMTs is obtained using a series of secondary emissions 
in the dynode chain. The low energy photoelectron coming from the photo cathode 
of a PM T is accelerated by the electric field between the photocathode and the first 
dynode. When it reaches the dynode, it can transfer its energy to the electrons in the 
dynode that eventually can escape from the surface. The parameter that characterises 
these secondary emissions is the secondary emission factor and represents the gain of 
each electrode, that is the fraction of secondary electrons emitted versus the primary 
incident electron. To guarantee enough multiplication, the bias voltage applied between 
the cathode and the anode has to be in the interval from 500 to 3000 V [74].
This is one of the great disadvantages of a PM T by comparison with a SiPM that needs only 
tens of volts for the bias voltage.
After the description of the way in which the signal is formed, it is possible to compare 
the parameters of the devices:
1. The efficiency
• in SiPMs, this is the product of three parameters and depends on the wavelength 
of the incident photons. One of these parameters is the geometrical efficiency, of 
the order of 30%, that is to this day a big limitation of these devices. The quantum 
efficiency for SiPM depends completely on the way the device is fabricated;
^During the travel to  the surface, the electron can have collisions w ith free electrons in a m etal and w ith  
quasi-free electrons in a semiconductor, the rest being tightly bound to  the lattice atom s. T he escape length  is 
then greater in a semiconductor as well as the conversion efficiency. To further increase the number o f electrons 
em itted by the photocathode, today it is common practice to  use m aterials w ith negative electron affinity so  
that even photons w ith a lower energy have a high probability to  be detected.
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• for PMTs, this is just the quantum efficiency. As in the case of SiPMs, this 
parameter is determined by the materials used in constructing the device. The 
advantage of PMTs on SiPMs is the absence of a geometrical factor and of course 
of the trigger probability;
2. The noise
• in SiPMs, this is due to the contribution of primary noise (caused by thermally 
and field-assisted generated carriers), cross-talk and afterpulsing;
• for PMTs, it comes mainly from thermal noise, but also from leakage currents, 
radioactive contaminations, ionisation phenomena and light phenomena. The first 
one is well described by the Richardson’s equation
where ^  is the work function^ of the photocathode and A  a constant. Leakage 
currents through the electrode terminal are possible and are reduced by reducing 
the bias voltage. Radiation from radioactive materials can strike the electrodes or 
cause fluorescence determining a small current output. Afterpulses in these devices 
can be caused by ionisation of the internal gases made by electrons. The traveling 
time of these ionised gases through the PM T is exactly the delay time with which 
the afterpulse appears. These afterpulses may also be caused by electron glow, that 
is light emitted by the last dynodes traveling in the opposite direction of electrons;
3. The time resolution
• for SiPM is discussed in paragraph 3.5;
• in PMTs, is affected by two different effects associated with the transit time differ- 
enee and the transit time spread. The first one is determined by the geometry of 
the system: it depends on the different path lengths traveled by the electrons from 
the photocathode to the first dynode and also on the geometry of the latter. The 
second one is associated with the energy of the emerging photoelectrons as well 
as with their directions: electrons emerging with a higher energy will reach the 
dynode before the others at lower energy. Similarly electrons emitted in the direc­
tion perpendicular to the photocathode will arrive earlier compared to the others 
emitted in a parallel direction. This affects the width of the pulse and determines 
then the time resolution of the PMT. The time resolution of a PM T is also affected 
by the statistical noise arising from the photoelectric effect in the photocathode 
and the secondary emission in the dynodes;
4. and finally, magnetic effects, including the E arth’s magnetic field
• are not present in SiPM;
^The work function is a characteristic of solid state m aterials and is defined as the minimum energy needed  
to  remove an electron from the Fermi level to  the vacuum. This represents a potential barrier at th e  surface 
of the solid that an electron in the material should overcome to  becom e free.
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S iP M P M T
Light conversion m ode
photogeneration  
of electron-hole pairs photoelectric effect
M ultiplication process avalanche by im pact ionisation secondary emission
Bias voltage 30-100 V  ( 1 0  4- 2 0  % above Vb r  - ) 500 4- 3000 V
Quantum Efficiency (437 nm) 25 4- 75% (PD E ) 25%
Quantum Efficiency (550 nm) 20 4- 60% (PDE) 5%
Gain 1 0 ^ ~  10® -4-10'^
Dark current ~  InA  @ Vbias ^  Vbr 0.2 4-15 nA
Tim e resolution (FW HM ) <  1 0 0  ps >  300 ps (spread tim e)
Tim e response <  500 ps 4 4- 80 ns (transit tim e)
M agnetic field effects No Yes
Radiation damages Yes No
Temperature effects
factor 2  reduction variation of —0.5% /°C
of dark noise every 8  — 1 0 ° C for the spectral sensitivity
Power consum ption
50 y W  corresponding 
to  a 1  pA  of dark noise n.a.
T a b le  3 .2 : Principal parameters of SiPM  and PM T [16][43]-[51].
• affect negatively the operation of PMTs: as the magnetic field increases, the anode 
current decreases. The electrons coming from the photocathode can be deviated 
and possibly never reach the dynode chain. Also the orientation of the device with 
respect to the field can affect the operation: the minimum effect is when the tube 
is oriented along the field line.
In Table 3.2 some characteristics of SiPM and PM T are summarised.
3.4 Some applications of SiPM
Some applications using SiPMs because of their timing performances have been already dis­
cussed in the first chapter. Here some more general applications will be listed and shortly 
described.
The main applications of SiPMs so far can be schematised in applications for:
• High Energy Physics, due to
— low light level detection capability
— scintillation light readout
— insensitivity to magnetic fields
— compactness
• Astrophysics and Astroparticle Physics, due to
— Cherenkov and fluorescence light detection capability
— liquid Xenon scintillation light detection capability
— compactness and lightness
• Medical Physics, due to
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— time resolution
— insensitivity to magnetic fields
— good matching with inorganic scintillators.
Among the High Energy Physics experiments, there is a plan to use SiPMs for the con­
struction of the calorimeters for the International Linear Collider (ILC) whose R&D is being 
carried out by the CALICE (CAlorimeter for the Linear Collider Experiment) collaboration 
[77]. This detector should allow high precision measurement for the reconstruction of heavy 
vector bosons Z, and the Higgs boson H  in hadronic final states to confirm and extend the 
results obtained at the LHC. To achieve this result a high granularity sandwich calorimeter 
is needed that has also to operate in a very high magnetic field (~  4T). The three (relatively) 
smaller diff'erent calorimeters that constitute the detector are:
• E C A L  - The Electromagnetic CALorimeter is used to detect electromagnetic showers 
initiated by electrons, positrons or photons. This is made by a sandwich of tungsten 
layers of 3.5 mm as a radiator and plastic scintillator strips of 3 mm readout through 
a WLS fiber embedded in the scintillator and connected at one end to a Hamamatsu 
MPPC^. The overall size is ~  2 0  x 2 0  x 25 cm^;
• H C A L  - The Hadron CALorimeter is used to detect showers initiated by hadrons. This 
is a sandwich of 38 plastic scintillators and steel layers [78]. The steel absorber plates 
are 1.6 cm thick, while the scintillator tiles are 0.5 cm thick and embedded in a steel 
cassette with 2 mm thick walls. Each tile contains a WLS fiber coupled to a SiPM 
through an air gap.
T C M T  - The Tail Catcher/Muon Tracker that has the important function of allowing 
an estimation of the energy leaked from the whole calorimeter and serves also to track 
and identify particles like muons and neutrinos that are not absorbed. This subdetector 
measures 109 cm x 109 cm along the beam direction and 142 cm perpendicular to this 
direction. It consists of a ’’fine” and a ’’coarse” section. Each section is made of 8  
alternating layers of scintillator strips and steel absorbers. These absorber plates are 2 
cm thick in the ’’fine” section and 10 cm thick in the ”coarse” . The active layers of the 
detector are made by plastic scintillators (5 cm wide, 0.5 cm thick) with an embedded 
WLS fiber (1 .2  mm 0 ) along their length that is readout by a SiPM.
The most important characteristics that a photodetector should have to be used in High 
Energy Astrophysics experiments are a high photo detection efficiency, a very fast time re­
sponse and single photon counting capability. Moreover, because the observed events are rare 
and characterised by low light level flux, there is the necessity to use large area and volume 
detectors. Finally, it is worth to note that the detector should also able to work with a large 
light background coming from the night sky [79]. There are two experiments that require 
a massive use of photodetectors: MAGIC (Major Atmospheric Gamma Imaging Gherenkov) 
Telescope [80] and EUSO (Extreme Universe Space Observatory) [81]. The first is for ground 
based 7 -astronomy and searches for Very High Energy (VHE) - 7  from a few tens of GeV up to 
several TeV. A very high energy 7 -ray produces electromagnetic showers in the atmosphere
'^The distinction between M PPC (M ulti Pixel Photon Counter) and SiPM  is based m ainly on the peculiar 
technology used by the manufacturer to  construct them .
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(a )  (b )
F ig u r e  3 .13 : Scintillator tile layer (a) w ith WLS fiber coupled to  a SiPM  (b) for the HCAL calorimeter [77].
containing electrons that propagate faster than light. These particles produce Cherenkov 
radiation that has to be detected by the MAGIC photodetectors. The expected flux for these 
events is about 100 photons with blue/green wavelength per square meter for a 1 TeV-y. The 
second is a space based detector developed for the study of cosmic rays of high energy (> 1 0 ® 
eV) detecting the fluorescent light coming from extended air shower initiated by a cosmic ray 
in which nitrogen molecules are excited. When this molecule returns to the ground state, it 
can emit fluorescent light of different energy but in the blue wavelength region. The impact 
direction and energy of the primary cosmic ray can be reconstructed by the arrival time and 
the position of these fluorescence photons. The first photodetector candidate was a PMT, 
but because of its low quantum efficiency in the blue wavelength region, the best choice for 
these experiment was the SiPM. Using SiPMs with different geometries for each experiment, 
it is possible to increase the resolution, the signal to noise ratio as well as to decrease the 
threshold energy.
3.5 D igitisation of analog signals
The research performed in this thesis is strongly characterised by the use of digital techniques. 
In fact, all the experiments aimed at the measurement of timing properties of SiPMs were 
performed digitising the waveforms and applying to the recorded pulses digital filters and 
analysis algorithms. This was possible by means of a four channels Tektronix TDS 7254B 
digital Phosphor oscilloscope with a typical rise time of 130 ps [82].. The schematics of the 
input of the oscilloscope is shown in Fig.3.14 (a). Each channel is provided with a dedicated 
amplifier and digitiser, so that the signal has to be scaled and digitised at the input channel 
before being acquired [82]. This allows high performance in fast timing measurements. In 
fact each input channel is characterised by an 8 -bit digitiser, a sampling rate of 5 GS/sec 
and a bandwidth of 2.5 GHz. However, as the instrument has the capability to enhance 
the acquisition rate interleaving its channels, the sampling rate can be as high as 2 0  GS/sec 
when only one channel is in use, without making use of any interpolation algorithm. Then, 
in the case of two channels, the sampling rate decreases to 10 GS/sec, while for three or all 
channels it becomes 5 GS/sec. In the experiments involving the acquisition of dark pulses, 
the sampling rate used was enhanced by the oscilloscope linear interpolation system, while 
for all the timing experiments the real time sampling rate was used, which means that the 
minimum sampling interval, A t, in the case of one channel was 50 ps, 1 0 0  ps for two channels,
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F ig u r e  3 .14 : (a) Schem atics of the input stage for the Tektronix TDS 7254B digital oscilloscope. Each 
channel has its own amplifier and digitiser, which allows high performances for fast tim ing experim ents [82]. 
(b) The process of digitisation of a continuos signal into a discrete one. Visible are the digitisation points at 
intervals given by the sam pling interval [82]. In all the experim ents described in this thesis was not used any 
horizontal delay.
while below these values for interpolated signals.
As can be seen in Fig.3.14 (b), in a digitisation process a continues signal is converted in 
a discrete signal. Hence if s(t) is the analog signal, the digitised one will be represented by 
the sequence
s =  {s^} =  {s(zAt)}, for 2 =  1,2,..., N,  (3.19)
where Si is the Ath value of the function s(t) at the time ti and N  the number of samples. 
However, as the time is discretised, it results ti =  2 -At, with A t  the sampling interval. Eq.3.19 
is also called digital representation of the signal s{t).
The sampling interval is an important parameter for an accurate representation of the 
original signal. In fact, sampling a signal with a too small sampling rate would imply not 
only an inaccurate representation, but for certain values would introduce also the phenomenon 
of aliasing. A pictorial view of this phenomenon is shown in Fig.3.15. In this case it is visible 
how an undersampled signal would appear as a signal with a much lower frequency, i.e. a 
different signal. To avoid this effect, the ADC must follow the Nyquist Theorem. This states 
that the sampling rate should be at least twice as big as the maximum frequency component 
of the signal to avoid aliasing. Hence the Nyquist frequency is defined as one half of the 
sampling frequency and it sets the limit for aliasing: all the components above this frequency 
will be aliased, the one below it being preserved. Hence the Nyquist frequency represents a 
maximum for the sampling rate of a digitiser. There is then a trade-off between the minimum 
sampling rate needed to digitise a waveform and technical limitations as the memory of the 
system and the available storage space. Typical commercial systems need to sample at a 
rate between five and ten times the maximum frequency, i.e. up to five times the Nyquist 
frequency.
Another important parameter of a digitiser is its resolution, which is the number of bits 
that the Analog-to-Digital Converter (ADC) uses to represent analog pulses and is expressed 
by 2", with n  the number of bits. In the case of the aforementioned digital oscilloscope, the
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F ig u r e  3 .15 : Pictorial representation of the aliasing phenomenon [82].
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F ig u re  3 .16 : The comparison between a 3-bit and 16-bit ADC. It is visible how an increased number o f bits  
allows for a more accurate representation of the digital signal, as it increases the number of bins in which the  
input voltages can be sampled [83].
maximum nominal resolution is 8  bits, but this can deteriorate with the increase of the signal 
frequency up to 3 bits. The resolution of a digitiser is in general of fundamental importance 
for an accurate representation of the analog signal. In fact, as can be seen in Fig.3.16, a 
3-bit ADC can supply 2  ^ — 8  divisions for the voltage values. Hence, even if the sampling 
interval will be increased, the representation of the original signal will be poor. Therefore, 
the higher the resolution is, the bigger the number of intervals in which the input voltage can 
be quantised, and consequently the smaller the detectable voltage is.
3.6 Pulse shaping
This section gives a short description of the shaping techniques fundamental for the acquisition 
and analysis of all the measurements described in this thesis. All the experiments discussed
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F ig u r e  3 .17 : Plot of the typical frequency response of a filter. In the plot all the main parameters of a filter 
are indicated. This filter refers to  a low pass filter, but the parameters for all the other filter are described  
similarly. From [84].
ill fact involve the use of shaping filters. These can be divided in analog filters, i.e. shaping 
modules to filter the high frequency noise from the signal pulses and to give a more suitable 
pulse shape in input for the following electronic module; and digital filters, used mainly to 
reduce the high frequency noise level as no further instrumentation was employed besides the 
digitiser.
Hence, the main importance of a shaping system is the reduction of the noise level to give 
in output a better detectable signal, i.e. to increase the signal to noise ratio (SNR). A filter, 
either analog or digital, to do so, operates on the frequency components of the pulses. In 
fact, although the pulses vary with time, their power components vary with frequency. Hence 
through the filters it is possible to act only on the latter components, reducing the noise and 
favouring the signal. However, changes in the frequency response have effects on the pulse 
shape, as the filtering process will reduce the signal bandwidth and hence will increase the 
pulse duration. In general a filter is described by the impulse response and the frequency 
response. The first describes the effect of the filter on the input impulse and is represented 
by a diagram of the amplitude in function of the time, the second is the Fourier transform of 
the first one and is represented by a diagram of the gain (in dB)^ versus the frequency as in 
Fig.3.17. This plot illustrates the parameters of a general hlter, which are:
• the passband,
• the stopband,
• the transition band or roll-off,
^In general, the gain of a filter response has the unit of a Decibel, which is defined as 1 dB =  10 logqg (P i/P o )  
=  201ogqo { A i / A q), w ith Pq and A q and P i and Ai  the values of the power and of the am plitude before and 
after the filtering respectively.
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• the cut-off frequency,
• the passband and stopband attenuation,
• the order.
The passband is the frequency range which is not altered by the effect of the filter. In 
an ideal filter the gain of the passband should be equal to unity (0 dB), so that the signal 
amplitude is neither increased nor decreased. The stopband is the range of frequencies which 
are attenuated or rejected by the action of the filter. In an ideal filter the value of the gain in 
the stopband should be zero. Hence an ideal filter would have a unity gain in the passband and 
a zero gain in the stopband, i.e. the frequency response should be a step function. However, 
real filters are characterised by the transition band, which is a region in which the gain has a 
continues value between 1 at the passband and zero at the stopband. This then modifies the 
definition of the passband region to the region in which the gain varies from 0 dB to the value 
of -3 dB. The frequency at which the gain is equal to -3 dB is also called cut-off frequency, fc, 
and is the value of the frequency at which the roll-off starts. The passband ripple and stopband 
attenuation are the variations of the gain in the passband and the attenuation in the stopband 
respectively. In fact, for some applications it is acceptable that the gain deviates from unity 
with a magnitude given by the passband ripple, while the attenuation in the stopband can 
not be infinite, and the limiting value on it is given by the stopband attenuation. Finally, one 
last parameter is the order, n, of the filter, which is the steepness of the frequency response 
in the transition band. The order is also the number of poles in the transfer function of the 
filter, i.e. the number of roots in the denominator of the mathematical representation of the 
filter. In practice, the order of the filter is equal to the number of passive elements used in 
the circuit that implements it and the higher it is, the closer the response to the ideal filter 
is [84] [85].
3.6.1 A nalog filters
Analog filters are simple circuits most generally made of two components: a resistor and a 
capacitor. The product of the values of the two components is called time constant, r  =  R C  
from which it is possible to calculate the cut-off frequency, fc — 1 / 2 ^T.
Depending on which component the signal is picked up and on the magnitude of the time 
constant compared to the falling or rising edge of the pulse, this circuit can be called an 
integrator or differentiator respectively.
When the signal is picked up on the capacitor, i.e. in the case of an integrator, the filter is 
also called a low pass filter, because it transmits only those frequencies that are below fc- This 
filter is effective only if the time constant is sufficiently larger than the leading edge duration 
of the original pulse. If the signal is picked up on the resistance, then this configuration is 
called high pass filter and allows only the signals with a frequency above fc. However, if 
the time constant of the high pass filter is not sufficiently smaller than the falling edge of 
the initial signal, this will pass unfiltered. In general, two or more filter stages should be 
cascaded if the signal has to be processed by an ADC, in particular a Multi Channel Analyser 
(MCA). In fact, this instrument, which orders the input pulse amplitude in a preset number 
of channels, needs a certain peaking time to process the pulse, having a finite response time. 
Hence, usually the very sharp pulse produced by a differentiator is afterwards integrated and 
sent to the MCA. The values of the time constants equal for both filters have to be chosen
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carefully. In fact, although the shaping time should be kept as small as possible to avoid 
pulse pile-up, it also should be large enough compared to the pulse rise time, to avoid loosing 
information on the total charge released by the detector. Common shaping amplifiers are 
supplied with five stages of filters, in the configuration CR-(RC)^, all with the same time 
constant: this not only guarantees a Gaussian shape to the filtered pulse, but also better 
noise performance.
3.6.2 D igital filters
As seen in the previous section, an analog filter is a circuit that acts on the input continuos- 
time signal and alters some of its frequencies. However, the output of an analog filter is 
still an analog, i.e. continuos-time signal. In digital filtering, the original signal is a discrete 
signal, i.e. it is digitised. Hence, digital filters can be defined as mathematical algorithms 
that operate on the input discrete signal with the same action of an analog filter.
There are many reasons and advantages in using digital filters instead of analog ones. As in 
the case of integrators and differentiators, analog filters are made of physical components that 
are subject to the environmental conditions. For example, due to the effect of temperature 
and humidity, an analog filter can present some instability. It will inevitably deteriorate with 
time and use as well. Also, in the case of very complicated designs, it could be very difficult 
and costly to engineer. Finally, there is the possibility that filters produced by different 
companies will have different performance, and this effect could affect the performances of 
large systems.
In this thesis, as already said in a previous section, all the SiPM pulses amplified are 
sent to a digital oscilloscope where they are digitised and stored for off-line analysis. For 
this reason, the use of digital filtering was determinant to reduce the high frequency noise 
introduced by the electronics on the signals. Various digital filters were used to compare their 
effects on the input pulses and optimise the timing performances of the system in use. These 
are all low-pass filters in-built in the Lab VIEW programming environment. Three different 
algorithms were chosen; these are:
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F ig u r e  3 .18 : (a) Frequency response and (b) impulse response of three different low-pass filters of order n — 8 
[84]
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• Butterworth,
• Chebyshev,
• Bessel.
Fig.3.18 shows the frequency and impulse response of these three filters. The Butterworth 
filter, is also known as maximally flat filter. In fact, it is characterised by a very smooth 
response for all the frequencies, without any presence of ripple in the passband and stopband. 
An increase in the order corresponds to an increase in the steepness of the response in the 
transition band. This filter is hence characterised by a fairly good frequency and impulse 
response (cfr. Fig.3.18). The Chebyshev filter presents an improvement in the roll-off of the 
frequency response, i.e. its transition region is smaller than that of the Butterworth, but it 
presents some ripple in the passband and a quite bad impulse response. Finally, the Bessel 
filter is a compromise between the preceding two filters. It present a fairly flat passband, with 
a transition band wider than a Butterworth. However, it has a very flat impulse response, 
which is a very important feature to avoid distortions of the original signals.
3.6.3 T im ing m easurem ents and techniques
The main purpose of timing measurements is the precise determination of the time of oc­
currence of a certain event. To do so the detector pulse is sent to a voltage discriminator 
with a threshold, Vr- The time stamp is the time at which the pulse crosses this threshold. 
Hence it is important to have a good knowledge of the pulse shape of the detector output. 
In fact, the most important parameter in timing measurement is the slope-to-noise ratio [70]. 
In an ideal case, there will be only one value of the time at which the threshold is crossed.
2a,
T IM E
w
d t
= max
T IM E
F ig u r e  3 .19 : Representation of the main quantities affecting tim ing measurements. In (a) it is visible as 
the high frequency noise introduce an uncertainty on the determ ination of the tim e at which the pulse has a 
determined value (in the figure Vr). (b) shows a realistic pulse in which the voltage threshold should be set 
at a low value to minimise the tim ing jitter [70].
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However, as it is shown in Fig.3.19, a general pulse is affected by high frequency noise, usually 
due to the electronics (gray band in the figure). This noise introduces an uncertainty on the 
measurement of the time stamp, which is also called timing jitter., at, and is expressed by the 
equation:
(3.20)dV  
dt I
where an is the high frequency noise affecting the signal, dV/dt is the slope of the pulse, tr is 
the rise time, defined as the time difference between the 10% and the 90% of the maximum 
amplitude, To, of the signal and S N R  is the signal to noise ratio. Fig.3.19 (b) shows a more 
realistic case, in which the rising edge of the pulse is not linear. Hence, in this case to minimise 
at in Eq.3.20 it is important to set the threshold at the point in which the pulse presents the 
maximum slope, i.e. as low as possible.
As the output pulses are amplified, the bandwidth of the amplification stage has to be 
taken into account. Usually, in this case, the two rise times add in quadrature:
(3.21)
where trs is the original signal rise time, while tra is the preamplifier rise time. Hence, in the 
case in which the bandwidth of the preamplifier is small, the rise time of tlie preamplified 
pulse will have the same value of the preamplifier rise time. The cut-off frequency of the 
system will be set in this case by the preamplifier, and will be equal to fca- In this case:
= (3.22)dV/dt Vo/tr Vo
with ano the noise affecting the preamplified pulse. Now, as it can be demonstrated that
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c^ no oc a/XÔ =  l-/\/ïrâ  [70], the preceding equation can be written as
T o  V ^ra tf
Fig.3.20 (a) is a graphical representation of Eq.3.23. It is possible to see that the best 
time resolution is obtained when the signal and the preamplifier rise time match. However, 
the main condition to minimise Eq.3.23 is to have a signal with a rise time as short as possible 
and a maximum amplitude as big as possible.
Another source of uncertainty in a timing measurement is the time walk (cfr. Fig.3.20
(b)). This is the variation in the position of the time at which the threshold Vr is crossed, 
due to variations in the pulse amplitude, as it can happen that a detector gives in output 
pulses with a broad range of amplitudes. Hence timing measurements depend also on the 
pulse shape. The determination of the time stamp of an event described so far, depending 
on a fixed voltage threshold is also know as leading edge triggering. In the case in which the 
range of pulse amplitude is broad, this techniques does not give good results due to the time 
walk. However, a solution to this effect could be another timing technique called constant 
fraction discriminator (CFD). In this case the pulses are ’’manipulated” so that they get a 
bipolar shape, which crosses the baseline exactly at the time in which the pulse voltage is 
equal to the preset threshold (Tr, fraction of the total pulse amplitude). This technique is 
independent on the pulse amplitude and hence on the time walk. The implementation of 
these two timing techniques in digital signal analysis will be described in the section on the 
measurement of the intrinsic and coincidence time resolution of the SiPM.
CHAPTER 4
Experimental method and setup
This chapter describes the setup of all the experiments performed in this study, along 
with the experimental method used to achieve the results that will be described in the 
next chapters. Initially the setup used to perform preliminary gamma-spectroscopy mea­
surements is described. This was important to understand the behaviour of the system 
made of a scintillator readout by a SiPM when irradiated by high energy photons. Hence, 
the electrical characterisation of the SiPM, followed by details of the setup using both 
low and high energy photons is given. The setup used for the study of the SiPM rise time 
when readout by different electronics and illuminated by visible photons and the one for 
the study of the intrinsic and coincidence time resolution are given. Then the setup used 
to describe the study of the parameter of the system made of a scintillator readout by 
SiPM when a very collimated gamma source was used and to conclude the measurement 
of the coincidence time resolution of two such modules are discussed.
4.1 P relim in ary  analog gam m a sp ectroscop y
Before entering in the  details of the  characterisation of the  SiPMs, some prelim inary gam m a 
spectroscopy measurem ents were performed to  understand the  capabilities and the  properties 
of a system m ade of an inorganic scintillator readout by a SiPM. In th is phase a detector 
module ready to  use was used w ith a variety of scintillators of the same size. The whole 
characterisation was performed using standard  NIM instrum entation and radioactive sources 
w ith various energy (cfr. Appendix C). W ith  the aforementioned detector module two config­
urations were used: one in which the detector was connected directly to  the  module, another 
in which it was connected via a triaxial cable, to  mimic the  performance of a  gam m a probe. 
Both configurations are described in w hat follows.
4 .1 .1  T h e  d e te c to r  m o d u le
This configuration consists in the direct connection of a  SensL 8 PM  Micro 3035x13 (see 
Fig.4.1(a)) [8 6 ], coupled to  various scintillators (cfr. Tab.4.1 and 4.2) m anufactured by Hilger
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(a) T he S iP M s (b) T he scin tilla tors
F ig u r e  4 .1 : T h e detectors used for all th e  experim ents in th is thesis, (a) from  th e  left (Cfr T ab .4.1): SensL  
SP M  M icro 3035x13, H am am atsu  M P P C  11-25C and 33-25. (b) from  th e  left (in m nU ) (Cfr T ab .4.2): Saint- 
G obain 1x1x10, 3x3x5 , 3x3x10, H ilger C rystals 3x3x15 (w ith  ep o x y  layer), Sa in t-G ob ain  4x4x10  and 4x4x20  
(connected  to  th e  p lastic  hat for hold ing th e  crysta l w hen  connected  to  th e  SiP M  and w rapped  in Teflon ta p e). 
T h e other tw o Hilger crystals (C sL T l and B G O ) are not show n in th is picture.
M a n u fa c tu r e r S iP M  N a m e  T o ta l A r e a  (m nU ) P ix e l  S iz e  {p m )  N F ill F a c to r  (%)
SensL SP M  M icro 3035x13 3 x 3 49.8 3640 49.5
H am am atsu M P P C  11-25C 1 x 1 25 1600 30.8
H am am atsu M P P C  11-50C 1 x 1 50 400 61.5
H am am atsu M P P C  33-25C 3 x 3 25 14400 30.8
H am am atsu M P P C  33-50C 3 x 3 50 3600 61.5
T a b le  4 .1 : Table o f all th e  S iP M s used in th e  experim en ts described in th is thesis.
M a n u fa c t u rer C o m p o u n d S iz e  (mm^) R e fle c to r
Hilger C rystals  
H ilger C rystals  
H ilger C rystals  
Saint-G obain
C sL T l
B G O
LYSO:Ce
LYSO:Ce
3 X 3 X  15 
3 X 3 X  15 
3 X 3 X  15 
1 X 1 X 10
epoxy
epoxy
epoxy
none
Saint-G obain LYSOzCe 3 x 3 x 5 none
Saint-G obain LYSOiCe 3 X 3 X 10 none
Saint-G obain LYSO:Ce 4 X  4 X 10 none
Saint-G obain LYSO:Ce 4 X 4 X 20 none
T a b le  4 .2 : Table o f all th e  inorganic sc in tilla tin g  crystals used in th e  experim en ts described in th is th esis  
(cfr. T ab .2 .1).
Crystals (see Fig.4 .1(b)) to  the SensL SPMA4 module [8 6 ]. Fig.4.2(a) shows the detector 
m ounted on the module which consists of two different boards: the first is the bias circuit 
for the device and is powered by a +5  V DC power supply, the  second is a transim pedance 
amplifier (TIA) th a t allows the amplification of the current signal from the device (converted 
after amplification to a voltage signal) and the filtering of the high frequency noise. The
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(a) (b)
F ig u r e  4 .2 : (a) S iP M  m oun ted  on th e  SensL SP M A 4 power su pp ly  and pream plifier boards. In th e  figure  
on ly  th e  T IA  pream p board is v isib le, (b) T h e probe configuration m ade of th e  SensL SP M A 4 housed in th e  
black box, a  tr iax ia l cable and an A1 cylinder to  sh ield  th e  assem bly S iP M  +  scintilla tor from  th e  ligh t.
bias circuit has also an im portant component th a t is a trim m er potentiom eter CPL-E SM42 
through which it is possible to change the bias voltage applied to  the device and then to  change 
the gain of the SiPM. For these measurements, the SiPM was m ounted inside a circular PCB 
and the anode and cathode of the detector connected to  the relative pins on the TIA board. 
The PCB itself was m ounted inside an A1 cylinder whose lid had to contain the scintillator 
put in contact, through the only facet not covered by the epoxy layer, to  the  Si0 2  window of 
the SiPM. The lid acts also as a protection for the SiPM from the leaking of light. To have a 
good optical contact between the free surfaces of the two detector parts, a th in  layer of optical 
grease was spread on the window of the SiPM. The cylinder and the SensL module were both  
placed inside a metallic box for further shielding of the whole system  from external light. 
The output voltage from the TIA board was sent to  an Ortec 570 shaping amplifier and then  
the shaped signal was sent bo th  to a Toivel ADC-MCA 2.1 m ultichannel analyser, interfaced 
with a com puter through the software Toivel SpectLab 1.0, and to  an Tektronix TDS 20248B 
(200MHz, 2GS/s) oscilloscope for the visualisation of the original and the shaped signals. A 
scheme of this setup is shown in Fig.4.3. Finally, each source was aligned w ith the cylinder 
axis at a distance of about 1 cm from the lid of the metallic box. The shaping amplifier was 
used with a coarse gain fixed at 20 and a fine gain a t 0.7, while a  shaping tim e of 1/rs was 
used, being this value a good compromise between a too small differentiator tim e constant 
and a too big integrator tim e constant. The ADC resolution of the MCA was set on 8192 
channels.
4 .1 .2  T h e  p ro b e  con figu ra tion
This configuration, which is a prototype not available on the m arket, consists in the connection 
of the SiPM plus scintillator system, housed in an alum inium  cylinder, to  the  module v ia a 
LEMO triaxial cable (cfr. Fig.4.2(b)). As in the previous case, the preamplified signal is 
sent through a coaxial cable to  an Ortec 570 Shaping Amplifier and after shaping and further 
amplification to  the Toivel MCA. The shaping amplifier and the MCA were used w ith  the
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Orlec
ShapingA m plifier
SensL SiPM +
in out
Bias + Preamp out in
Toivel MCA PC
Tektronix
O scilloscope
F ig u r e  4 .3 : E xperim ental setup  for th e  7 -rays sp ectra  acquisition  w ith  th e  Shaping A m plifier and th e  SiP M  
m ounted  on th e  SensL bias and pream p board. In th e  square there is a sketch o f th e  box  in w hich is placed  
the A1 cylinder conta in ing  th e  SiP M  and th e  SensL  board.
Ortec
ShapingA m plifier
SensL triax SensL
in out
SiPM Bias+ Preamp out in
Toivel MCA PC
Tektronix
O scilloscope
F ig u r e  4 .4 : E xperim ental sy stem  for th e  acquisitions o f sp ectra  using th e  probe and th e  sh ap ing  am plifier.
same setting as for the system described previously. The setup described so far is shown in 
Fig.4.4.
This configuration was also used w ith a different readout electronic chain to study  the 
effect of the various stages of integration and differentiation on the pream p pulse. As it 
is possible to  see from Fig.4.5 (a), the pream p signal shaped with the ’’Gaussian” shaping 
amplifier presents an undershoot th a t is due to  the very short fall tim e of the  (negative) pulse, 
th a t is shaped with a too long shaping tim e in the shaping amplifier.
This module has five stages of integration/differentiation, all w ith the same tim ing con­
stants. A long tim e constant for the integration of a pulse affects the shaped pulse decreasing 
the am plitude of the pulse and increasing the rise tim e of the  integrated pulse (positive in 
this case, because inverted due to  the fact th a t the  MCA accepts only positive pulses). A 
long differentiation time, instead, affects the original signal decreasing the duration of the 
falling time, and then, in the system in use, giving rise to  an undershoot, due to  the too short 
duration of the falling edge (with an order of m agnitude of 10 /us). Hence the system  was 
readout also using a Timing Filter Amplifier (TFA), which gives the  possibility to set smaller 
tim e constants. It has to  be noted th a t the action of different shaping filters (i.e. Shaping 
Amplifier and TFA) on the output signal has only the effect of improving the pulse shape, 
bu t does not affect for example the energy resolution of the system. In the m easurem ents 
discussed in Chapter 6 two stages of TFA were used, to  have a well shaped signal (with a 
Caussian-like peak) to give an optimised input to  the MCA. This setup is shown in Fig.4.6 , 
while in Fig.4.7 the equivalent electrical circuit of the TFA settings used are shown. A two 
stage-integration was used, with two TFAs, C anberra 211 1  and Ortec 747, to  cut all the
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F ig u r e  4 .5: P ulses acquired iu th e  probe coufiguratiou , m ade by th e  sam e SiPM  and a CsLTI scin tilla tor, 
but w ith  different readout electronics and sources: (a) ^^Na source readout w ith  a Shaping A m plifier and (b) 
readout w ith  tw o stages o f T im in g  F ilter  A m plifier, T h e yellow  trace represents th e  pream p signal, w h ile  
th e  b lue one, th e  sh aped  signal. A part from  th e  different am plitud e o f th e  signals due to  th e  different sources, 
it is clear th a t different shaping m eth ods used to  readout th e  pream p signal give different final o u tp u t signals.
Canberra O rtec
TFA TFA
in o u t in ou t
SensL triax SensL
SiPM Bias + Pream p out in
Toivel MCA PC
Tektronix
O scillo scop e
F ig u r e  4 .6 : E xperim enta l setup  for th e  7 -ray sp ectroscop y acquisition  w ith  th e  probe and tw o sta g es o f  
T im in g  F ilter A m plifier,
high frequencies th a t cause the distortion of the pream p signal. As it is possible to  see in 
Fig.4.5(b), the ou tpu t of such a system gives a pulse w ithout any undershoot (blue trace).
4.2 E lectrica l ch aracterisation
The electrical characterisation of the  SiPMs under study (see Fig.4.1(a)) is im portan t to 
determine the param eters of the devices. Moreover, the knowledge of these param eters allows 
the modelling of the sensor using the equivalent electrical circuit widely used in literature. 
Finally, the SiPM single and multiple-photons pulses can be obtained by means of a  SPICE 
simulation using the calculated and m easured parameters. This allows the understanding of 
the pulse shape and the effects of variations in the values of the param eters on th a t. The 
devices used in th is measurements are listed in Tab.4.1.
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Detector
l>—w v
Preamp Ri
AAAr
Rp
C2
■^MCA
F ig u r e  4 .7 : The equivalent circuit of the two stages of integrations given by the TFA. The tim e constant set 
on each TFA are =  R i C i  and T2 — R 2 C 2 , w ith r* the integrator tim e constant. Both r f  and r |  were set at 
’’out” , w ith r'^  the differentiator tim e constant.
4 .2 .1  T h e  e lec tr ic a l m o d e l
The equivalent circuit of a generic SiPM has been developed recently by Corsi [87]. Fig.4 .8  
shows this circuit; the few structures, modelled along with the SiPM, are visible:
• a low pass filter for the bias supply, used to cut off unwanted high frequencies due 
to  stray capacitances and conductances, which allows the transm ission of a  clean DC 
voltage to  the load. In the figure this filter is made of a 10 kD resistor and a 100 iiF 
capacitor;
•  the load resistor which in the case of the m easurem ent of the dark current and of 
the effects of the readout electronics was 50 D, in all the other experim ents has a value 
of 24
• the coupling capacitor, which is needed to  cut off the DC component allowing only the 
relevant signal, equal to  100 iiF.
In this figure the dashed rectangle represents a single-photon event: the  current due to  
the avalanche is reproduced by a current pulse w ith a maximum value of 2 0  /rA [1 ] and 
arbitrarily  short duration of few ps. N  is the num ber of pixels in the device. In th is model 
each non firing pixel is made of the quenching resistance, Rg, and capacitance, Cg, connected 
in parallel. This combination is connected in series with the diode capacitance, Cd- W hile 
the quenching resistance is needed to  stop the avalanche, the quenching capacitance is the  
consequence of the contact between the small resistor and the pixel surface. Although being 
very small, this capacitance has a quite strong effect on the pulse shape, clearly visible in 
single photon pulses. A firing pixel, however, is modelled w ith a diode capacitance in parallel 
w ith a current pulse generator, whose pulse duration is estim ated in the  order of tens of ps. 
Finally, the effect of the  grid which is needed to  connect the pixels in parallel is the  presence 
of a parasitic capacitance, Cg,  in parallel w ith all the  pixels. This capacitance can be as big as 
tens of pF  and strongly depends on the pixel size and to ta l detector area. The param eters of 
the electrical circuit are then  Rg, Cg, Cd  and Cg.  To evaluate them , it is necessary to  measure 
the 1-V and C-V characteristics and the gain of the  device, described in w hat follows.
^The value R l =  5 0 ^  was necessary when testing the readout electronics to  have a good im pedance 
matching with the preamplifiers’ input impedance. W hen studying the pulse shape and fast tim ing performance 
of SiPM s, R l was decreased to 24 O to have a faster rise tim e at the expenses of a non well optim ised im pedance 
matching.
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=^Cd(N-1)
— F T — I pul s e
F ig u r e  4 .8 :  SiP M  equivalent circuit as developed  by Corsi [87], w ith  b ias circuit su ggested  by  H am am atsu  
[44]. T h e portion  in th e  red dashed square ind ica tes one p ixel firing.
I-V  and C-V characteristics
The static characteristics of a detector generally represent the dark current flowing in it when 
the bias voltage applied to  its electrodes is varied. The measurement of the  dark current is in 
general im portant for radiation or light detectors as it sets the minimum for the  sensitivity 
of the device to  incident radiation or light respectively. The static characteristics consist in 
the m easurem ent of the dark current while the detector is forward biased as well as while it 
is in reverse bias, i.e. when the w idth of the depletion region is increased.
These m easurem ents were achieved using a Keithley 487 picoam m eter com m unicating 
with a com puter through dedicated Lab VIEW  DAQ software. The detectors used, along 
with their to ta l area, the pixel size, the to ta l num ber of pixels and the fill factor (i.e. the 
geometric efficiency) are listed in Tab.4.1. Among those, the devices tested  are M ulti Pixel 
Photon Counters (M PPCs) produced by H am am atsu w ith shallow junction technology.
Each SiPM was directly connected to  the voltage ou tput of the Keithley 487 picoam m eter, 
and the current was readout using a triaxial cable whose negative term inal was grounded. 
The m easurem ents were made in the  darkness, conveniently on closing the  circuit in a metallic 
box. The circuit used to  perform these measurem ents is shown in Fig.4.9(a). This is only 
representative, because the d a ta  was acquired using both  configurations of the  SiPMs.
The values of Rg and of were calculated from the IV-characteristics. A linear fit to  
the Ohmic part of the forward curve gives the to ta l SiPM resistance, from which it is possible 
to calculate Rg considering th a t the pixels are connected in parallel. A parabolic fit to  the  
region between the proportional and the avalanche part of the reverse curve, gives the value 
of Vbr, fundam ental to  correctly operate the device in the Geiger mode. The values found are 
summarised in Tab.5.1.
Another im portant electrical characteristic of a detector is the to ta l capacitance. In gen­
eral, this is fundam ental to choose a suitable readout electronics for the  amplification and 
shaping of the ou tpu t signal. For the purpose of calculating the SiPM param eters using the 
electrical model suggested by Corsi [87], also the knowledge of the conductance of the devices 
was needed. Both quantities were m easured using an Agilent 4284A LCR m eter a t IV  AC 
voltage and a t a frequency of IMHz as in [87] [8 8 ] [89]. Fig.4.9 (b) shows the schem atics of
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F ig u r e  4 .9 : (a) T h e circu it used to  m easure th e  IV  characteristics o f th e  S iP M s, w ith  A  referring to  th e  
am m eter, (b) T he configuration  for th e  C -V  m easurem ent o f a  D evice  Under T est (D U T ).
the setup for the C-V measurement. The DC voltage source allows to  set the  reverse bias 
of the detector in the  range 0-40 V. An AC voltage source generates the test signal for the 
m easurem ent of the capacitance (1 V for the devices tested  in this thesis). Hence the AC 
voltm eter and the AC am m eter allow the m easurem ent respectively of the voltage and the 
current a t the two electrodes of the device under test (DUT). Hence, the  capacitance for the 
DUT is calculated using the formula;
I d u t
C d u t  = (4.1)
with I d u t  the m agnitude of the AC current flowing through the device, V a c  the  m easured 
AC voltage and /  the test frequency [90].
T he gain
The gain of a SiPM can be obtained recording dark pulses a t different bias voltages and 
calculating the to ta l integral charge released by them . Being dark pulses related to  a very 
small number of pixels firing, their am plitude is very small, of the order of hundreds /iV . 
For this reason it is necessary to  amplify the ou tpu t signal. For norm alisation purposes, an 
H am am atsu Si PIN diode S I223 was used. B oth SiPM and PIN  diode were biased by an 
Ortec 710 1-kV bias supply and their ou tput amplified by an Ortec VT 120 current amplifier 
(cfr. Tab.5.3). Both SiPM and PIN  diode were biased via the circuit in Fig.4.10 (a) and (b) 
respectively. The amplifier ou tput was directly readout and recorded a t the Tektronix digital 
oscilloscope by means of a dedicated Lab VIEW  DAQ software.
At this stage of the experiment, the bias circuit was made of coaxial components soldered 
on a common copper Prin ted  Circuit Board (PCB). It was found later on th a t, due to  stray  
inductances and not optimised traces, this kind of components and PCB are not suitable for 
applications in which tim ing is fundam ental. A PCB made of surface m ount com ponents and 
suitable tracks custom  made is described in the next section.
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F ig u r e  4 .1 0 :  B ias c ircu its for (a) th e  H am am atsu  Si P IN  d iode S1223 and (b) th e  H am am atsu  M P P C  
ph otod etectors.
For the calculation of the  charge developed by a single avalanche event, the  pulse generated 
by the interaction of an a-particle from the decay of ^^^Am in the Si bulk of the  PIN  diode 
was used for norm alisation purposes. Considering a distance between the  a-partic le  and 
the entrance window of the  diode of about 3 mm, and the a ttenuation  factor of a s  in air 
equal to  8.59 x  10“  ^ M eV /m m  [91], an uncertainty of 0.1 MeV was a ttrib u ted  to  the  energy 
of the source, Eq, =  5.3 ± 0 .1  MeV. Taking into account the  energy needed to  create an 
electron-hole pair in Si, ei =  3.62 eV, the contribution of e-h pairs to  the  to ta l charge is 
Qp in  =  240 ± 3 0  fC. The charge released by a dark pulse was then  obtained from the  relation 
QsiPM = Q p i n ' ^ c ^ ^ ^ ^  where and rrf*™  represent the  centroid of the  d istribution 
of the  integral over the  same num ber of pulses for the  PIN  diode and the  SiPM  respectively.
4.3  O ptica l characterisation  o f  S iP M s
The optical characterisation of the SiPMs under study was performed using a very fast 
Ti;Sapphire C o h e r e n t l a s e r  giving in ou tpu t photon beam s of 100 fs duration  and a t a 
repetition ra te  of 250 kHz. Although the center of the  principal harm onic is a t 800 nm, it was 
possible to  modify the wavelength of the  photons suitably changing the  angle of the  crystal 
inside the  laser. In particular, two wavelengths have been used in the experim ents described 
below:
• 800 nm  in the  case of the  study of the effects of the  readout electronics for the  M PPC s
11-25 and 33-25,
• 400 nm  to  study the variations of the pulse shape w ith light intensity and the  variations 
of the  intrinsic and coincidence tim e resolution w ith bias, for the M PPC s 11-25, 11-50
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F ig u r e  4 .1 1 :  S etup  for th e  te st  o f readout electronics
and 33-25.
For both  experiments the M PPCs were biased using the aforementioned Ortec quad bias 
supply, bu t two different bias circuits. The details of the first circuit were given in the  %4.2, 
while details about the  second bias circuit, along w ith its schematics, will be given in the  
following description. In both  cases the preamplifier ou tpu t was directly connected to  the 
digital oscilloscope input channels. In fact, the waveforms were recorded and stored for off-line 
da ta  analysis by means of the aforementioned Lab VIEW  DAQ software.
4 .3 .1  T h e  m ea su rem en t o f  th e  r ise  t im e  w ith  a fast laser
To study the effects of the readout electronics on the pulse shape, multiple photon pulses were 
acquired using the u ltra  fast laser w ith a wavelength centred at 800 nm. The setup of the 
experiment is shown in Fig.4.11. In this experiment the  photon beams are directed onto the 
devices using a m irror chain and a focussing lens. To reduce the intensity of the laser a t the 
level of few tens of photons another chain of neutral density filters and an aperture  were used. 
Finally, the SiPM, biased via the circuit in Fig.4.10 (b) was m ounted on a stage to  ad just the 
height for alignment purposes and housed in an alum inium  box for shielding from electronic 
noise. Also a collimator to  shield the detector from scattered photons was used. Various 
preamplifiers were tested as readout electronics. These are all current preamplifiers, w ith 
50 Q input and output impedance, bu t different bandw idth and gain. Their characteristics, 
along with the rise tim e obtained for some devices are reported in Tab.5.3.
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F ig u r e  4 .1 2 :  Schem atics o f th e  bias circu it for fast tim ing. T he values o f th e  com p on en ts are R i  =  3 .3 kQ, 
R l — 3.3 kQ, R 2 =  10 kQ, C i =  100 nF , C2  =  470 nF , C3  — 100 nF . C ourtesy  o f B oris V ojnovic.
4 .3 .2  M ea su rem en t o f  th e  in tr in sic  and  co in c id en ce  t im e  r e so lu tio n
W ith the fast laser set at a frequency of 400 nm the intrinsic and coincidence tim e resolution 
of three pairs of M PPC s were measured. The setup used for this set of m easurem ents is shown 
in Fig.4.11. As for the experiment previously described, the intensity of the  laser was reduced 
by means of a chain of neutral density filters. However, in this case the focusing lens was 
removed with the intention to  illum inate the whole entrance window of the  device. The use of 
a beam  splitter was necessary in the case of the coincidence tim e resolution m easurem ent of 
a pair of M PPCs. As previously mentioned, the photodetector was biased w ith an optimised 
bias PCB, designed on purpose by Prof. Boris Vojnovic from the Gray Institu te  for Radiation 
Oncology and Biology a t the University of Oxford. Its schematic is shown in Fig.4.12. This 
has a similar design to the one in Fig.4.10 (b), bu t has another low pass filter on the DC 
bias voltage, given by i?i =  3.3 kU and C2 =  470 nF. There are protecting diodes th a t were 
introduced to  avoid overload and consequent damage of the oscilloscope input, for the case in 
which there is no preamplification stage a t the  detector output. A set of jum pers for various 
interchangeable resistors values is also visible. This was not implemented in the  final design 
of the PCB, which is then adapted for a perm anent load, th a t in this particu lar case was 
chosen as 24 11. Besides these structural differences, the improvement in th is PCB is m ade by 
the choice of surface m ount low inductance components, which minimise the  effects of stray 
capacitances and inductances and of 50 Q optimised traces^, for fast and lossless transm ission 
of the signal. In these measurements only one of the previous current preamplifier was chosen, 
being this the M ini-Circuits ZFL. This in fact, represents a good compromise between high 
bandw idth and high frequency noise determ ined by the bandwidth.
The measurement of the intrinsic tim e resolution was performed recording two sim ulta­
neous pulses: the output of the  preamplifier and the trigger signal from the  laser. In fact, 
the tim e difference between the original laser pulse given by the trigger signal and the de­
tected photon beam, a t a certain threshold, is the tim e the photodetector takes to  produce 
a signal in response to a light stimulus, also called intrinsic time resolution. The two pulses
^0 .1 ” w ide on copper p lane square pad board w ith  ground plane on th e  back side con n ected  to  th e  ground  
via  through-holes.
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were recorded using an internal logical AND operator available at the oscilloscope, which is 
a  triggering option allowing the record of two sim ultaneous pulses, provided they  are above 
a user defined voltage threshold.
The m easurem ent of the coincidence tim e resolution was performed splitting the incoming 
photon beam  by means of a  beam  splitter optim ised for 400 nm. The two detector systems 
(i.e. M PPC  m ounted on the PCB and connected to  the  preamplifier) were m ounted on two 
holders for vertical alignment and positioned a t about the  same distance from the beam  
splitter to  have a coincidence histogram  centred on zero. As for the previous m easurem ent, 
the  digital acquisition was set by the  AND logic trigger of the  oscilloscope.
The recorded pulses were filtered against high frequency noise introduced by the readout 
electronics using three different low-pass filter algorithms: Butterw orth, Chebyshev (Type I, 
w ith ripple in the  passband) and Bessel. These are digital functions inbuilt in the  Lab V IEW  
environment and characterised by three (variable) param eters: the  cutoff frequency, /c, the  
order, n, and the passband ripple. The latter, valid only in the  case of the  Chebyshev filter, 
was kept a t a constant value of 0.1 dB throughout the  analysis. For all the  filters the  order 
was fixed a t n  =  2. Hence, the  only filter variable param eter is fc.
Three different algorithms were developed to  determ ine the tim e stam p from the  digitised 
waveforms. These algorithms substitu te  completely the conventional NIM instrum entation 
used in tim ing measurem ents and are:
•  F ix e d  th re s h o ld :  a  reference voltage is set as a constant for bo th  pulses;
•  L e a d in g  E d g e  c h i :  the reference voltage is defined as the percentage of the  pulse 
am plitude for the  signals from only one channel;
•  L e a d in g  E d g e  ch2: two reference voltages are defined as the percentage of the  pulse 
am plitude for the  signals in both  channels.
It should be noted th a t effectively the last algorithm  behaves as a  digital CFD (C onstant 
Fraction Discrim inator), minimising the problem  of the  tim e walk, present in the  other al­
gorithms; while the  F ix e d  th re s h o ld  algorithm  is the  equivalent of an analog leading edge 
discrim inator.
T h e  a lg o r i th m  fo r th e  c a lc u la tio n  o f  t h e  in tr in s ic  t im e  re s o lu tio n
The intrinsic tim e resolution is obtained from the  histogram  of the coincidence between the  
signal from the trigger for the  laser and the M PPC  pulse a t a certain threshold. In  th is case, 
the FW HM  of the histogram  is a combination of the  intrinsic tim e resolution of the  SiPM  
and the jitte r  on the tim e-position of the threshold:
FWHMcoincidence = \ j (4.2)
where F W H M siP M  is the  intrinsic tim e resolution (ITR) of the  SiPM and F W H M th  is the  
j it te r  on the threshold of the laser trigger pulse. Hence, to  extrapolate the  value of the  intrinsic 
tim e resolution, an algorithm  for the m easurem ent of F W H M th  was needed. Fig.4.13 shows 
a pictorial representation of the  m ethod used. The histogram  of the 10-90 % rise tim e of 
the  laser trigger represents the  mean value of its rise time, The FW HM  of the  same
histogram  however, F W H M th , gives the  variations on the value of the laser trigger rise tim e, 
bu t not the  jitte r  on the threshold, i.e. it is dependant on the walk of the  signal. Hence, it
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F ig u r e  4 .1 3 :  A  pictoria l v iew  o f th e  m eth od  used for th e  ca lcu lation  o f th e  jitter  o f th e  threshold  level. In 
th e  figure all th e  qu antities relevant for th e  ca lcu lation  are show n, w ith  th e  ex cep tion  o f th e  variations on  th e  
rise tim e  (i.e. th e  F W H M t r ) -  It has to  be p o in ted  out th a t th e  value o f {A th)  is constan t in th e  case o f  th e  
fixed threshold  algorithm  for th e  tim e stam p  pick-up.
is possible to  calculate the jitte r  on the threshold from the m easurem ent of the mean 10-90% 
amplitude, (Aio-go), and from the mean value of the  am plitude relative to  the  threshold, 
{Ath)- From these considerations, it results th a t the jitte r  on the threshold is given by;
i^ th )
(^ 1 0 -9 0 >
(4.3)
In this way, the fluctuations on the pulse am plitude, i.e. on the num ber of detected photons, 
are related to  the fluctuations on the tim e-stam p of the threshold.
4.4  S iP M  ch aracterisation  w ith  h igh  en ergy  p h oton s
The characterisation of the SiPM as readout photodetector for scintillating light was per­
formed in two different experiments. In the first one the m ain purpose was to  study the 
variations of the  param eters (i.e. rise time, pulse am plitude, etc.) of the whole system, while 
in the second one the coincidence tim e resolution between a pair of detector systems w ith 
same characteristic. The setup and experimental m ethod used to  achieve these m easurem ents 
is described below.
4 .4 .1  T h e  c o llim a ted  ga m m a  sou rce sy s te m
The main purpose of this experiment is to study the variation of the  param eters of the 
system composed by three different scintillating Saint-Gobain LYSOrCe crystals, w ith sizes 
4x4x20, 4x4x10 and 3x3x10 mm^, readout by the H am am atsu M PPC  33-25C. The setup  of
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F ig u r e  4 .1 5 ;  P icture of th e  setu p  for th e  m easurem ent o f the sy stem  o u tp u t rise tim e  and pu lse  am plitud e  
at various position s a long th e  crysta l using a very co llim ated  gam m a source.
this experiment is shown in Fig.4.14. This picture served as the basis for a M onte Carlo 
simulation to  calculate the  size of the  beam  at the  position of the scintillator (found out of 
about 2  mm in diam eter) performed by Dr. M ukhtar A1 Shanqity, from the University of 
Surrey, using the Monte Carlo simulation software EGSnrc. The ^^^Cs source, whose m ain 
energies are 32 keV and 662 keV^ (cfr. Appendix C for source details), is enclosed in a Pb  
container suited with a collimator 11.4 cm high and 1 mm wide. Between the high activity 
source and the air gap, there is a layer of steel 2.2 mm thick. Between the crystal and the 
top of the collimator there is an air gap of 45.78 mm. However, in this gap there is a layer of 
aluminium 0.23 mm thick.
In fact, as Fig.4.15 shows, the detector system is housed inside an alum inium  box where 
a portion of the bottom , in correspondence of the area covered by the scintillator was carved 
to  make the aluminium layer as th in  as possible. The whole alum inium  box was m ounted 
on a holder screwed onto a X-Y stage for precise positioning of the scintillator in the  gam m a 
beam. The accuracy of its movement is as high as few hundreds of p,m. The scintillator was 
wrapped with few layers of Teflon tape  to  maximise the collection of scintillating light and 
connected to  the SiPM via silicon gel for optical coupling. A plastic ha t for good mechanical 
coupling of the two detectors was used. Also, to  avoid th a t the  scintillator could bend under 
its weight, a very th in  holder was also used, placed at the  level of the plastic hat. The SiPM 
was biased using the enhanced circuit described in ^4.3.2 m ounted inside the small alum inium  
box visible in the picture, via the Ortec quad bias supply a t a constant value of Vbias =  72 
V. The output signal was amplified via a M ini-Circuits ZFL and recorded and stored a t the
^The pulses recorded have pu lse am plitud e  higher than  th e  one corresponding to  th e  32 keV  p h o to n s em itted  
by th e  source due to  a trigger threshold  set at a high vo ltage value.
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F ig u r e  4 .1 6 :  P ictoria l representation  o f th e  experim en t involving th e  scan o f th e  S a in t-G ob ain  LYSO :C e  
4x4x20  mm^ using a co llim ated  gam m a source. T he voxels show  th e  p osition  o f th e  b o tto m  cry sta l surface  
w here th e  source w as poin ted . T h e p h otod etector  is connected  to  th e  left end o f th e  crystal. N o te  th a t  the  
scintilla tor is a  single crysta l and th e  voxel are th e  geom etrica l representation  used for th e  scan.
Tektronix oscilloscope.
Fig.4.16 shows the schematics of the  measurem ent. In the  case of the  biggest (single) 
crystal, i.e. the LYSO:Ce 4x4x20 mm^, the bottom  surface was divided in 50 detection voxels. 
The scan was performed with steps of 1.95 mm and 0.48 mm for the horizontal and vertical 
directions respectively. In this picture the photodetector is a t the left side of the  crystal. 
For the other two (single) crystals, being 10 mm long (but w ith different cross sections), the 
scanning steps were made smaller along the horizontal direction, i.e. 0.96 mm. However, 
for these la tte r crystals, no scanning in the vertical axis was made. To align the horizontal 
axis of the crystal w ith the beam, a set of scans at various y-positions was made, when the 
source was very close to  the photodetector. The position corresponding to  the  m axim um  of 
the resulting curve was taken as the axial position. This scan was performed in steps of 0.48 
mm for all three scintillators.
4 .4 .2  C o in c id en ce  m ea su rem en ts  w ith  sc in tilla to rs  read ou t b y  S iP M s
This set of measurements was needed to measure the coincidence tim e resolution of various 
size crystals when readout by SiPMs. The setup is shown in Fig.4.17. This p icture shows 
two systems of scintillators wrapped in Teflon tape  head-to-head and connected to  the  SiPMs 
using silicon gel for optical coupling and plastic hats for mechanical sustain. The source 
is positioned in the center of the structure made of plexiglas for accurate alignment of the 
detectors. Two small Pb slabs, 2 mm thick and w ith a centred collimator of 1 mm diam eter 
are made extractable, giving the choice of performing the measurement also in the  case in 
which the incident radiation through the Pb is reduced by 70%. The two SiPMs are biased via 
the enhanced bias circuit using the Ortec quad bias supply. Their signal is amplified by the
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F ig u r e  4 .1 7 :  S etup  for th e  m easurem ent o f th e  coincidence tim e resolu tion  using various sizes LYSO  crysta ls  
coupled to  H am am atsu  M P P C s. In th e  figure are v isib le  all th e  m ain com ponents o f  th e  setup: th e  LYSO  
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M ini-Circuits ZFL preamplifier. The preamplifier ou tput is readout at the  digital oscilloscope, 
where the waveforms are also stored.
CHAPTER 5
Characterisation of SiPMs
In this chapter the results of the characterisation of the SiPMs are discussed. It is struc­
tured in two parts. In the first part, the electrical characterisation is reported. It consists 
of the measurements of the dark current, capacitance and conductance of the detectors, as 
well as the measurement of the gain as function of bias. This set of data allows the electric 
simulation of the devices used and their signal pulse shape. In fact, a deep knowledge of 
the pulse shape helps the understanding of the timing properties of the SiPMs. In the 
second part the characterisation of the devices with optical photons is reported. The rise 
time and timing jitter of the SiPM pulses are analysed at two different wavelengths by 
means of a femtosecond laser. It follows the discussion on the Intrinsic Time Resolution 
(ITR) and Coincidence Time Resolution (CTR) achieved; including effects of digital filters 
algorithms used.
5.1 E lectrica l characterisation
As described in the previous chapter, the electrical characterisation was performed to  m easure 
the param eters of the SiPMs and hence to  sim ulate the devices. This sim ulations allows 
also the study of the  pulse shape and the understanding of the m ain param eters to  obtain  
fast coincidence tim ing in bo th  cases in which the detector is illum inated by laser or by 
scintillation light. In the  following sections the results of the  m easurem ents th a t  allow the  
electrical characterisation are reported.
5 .1 .1  I-V  and  C -V  ch a ra cter istics
Fig.5.1 (a) and 5.2 (b) show the IV characteristics of the  four H am am atsu M PPC s under 
study. Being a m atrix  of pixels w ith their quenching resistances in series to  each GM -APD, 
the value of these connected in parallel is equivalent to  the  to ta l SiPM resistance, RsiPM i 
which is given by the slope of the  linear fit to  the Ohmic region of the  forward characteristics. 
Hence, it is possible to  write:
Rq = Npixel ' RsiPM =  ( l  ±  , (5.1)
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w ith Rq the  value of the  quenching resistance, Npixei the  to ta l num ber of pixels in the  device 
and S  and a s  the  slope given by the linear fit w ith its statistical error respectively. T he values 
found for the  devices in the  figure are reported in Tab.5.1.
The I-V forward characteristics for the  detectors w ith smaller pixel sizes present a  higher 
slope, i.e. a  higher quenching resistance, in comparison w ith the sensor w ith bigger pixel size. 
This can be explained w ith the  value of the latching current in each APD, I I .  As described 
in C hapter 3, the  value of I I  is fundam ental to  have a complete quenching of the  Geiger 
avalanche and it has to  be as small as possible to  have a high quenching probability. The 
typical value of Jj, in SiPMs is generally of the  order of 20 fiA . In fact, the  A PD  can be 
characterised by a diode resistance Rd (zeroed for ease of calculation in the  electrical model 
[87]), which is given by the series between the space-charge resistance of the  avalanche junction 
and the ohmic resistance of the  neutral semiconductor bulk crossed by the  current. To have 
good quenching the condition Rq Z$> Rd m ust be fulfilled [69]. However, it is clear th a t  smaller 
pixels have a smaller Rd and hence a higher II-, which explains the  need for higher values of 
Rq. Finally, the  difference in the  slope for devices w ith the  same pixel size, bu t different to ta l 
area is explained by the different num ber of pixels, which is bigger for larger area M PPCs.
The plot in Fig.5.1 (b) instead represents the  I-V forward characteristic in a  semilog plot. 
This is useful to  illustrate the  contribution of recom bination and diffusion phenom ena to  the 
to ta l dark current flowing in the device. In fact, in general, the  dark current dependence 
on the  voltage of an APD in forward bias is characterised by two components, one given by 
the diffusion current from the neutral region, another given by recom bination phenom ena in 
the  depletion region. The expression of bo th  contributions are quite com plicated and are 
extensively described in [95]. Hence, to  take into account the different contributions to  the  
dark current, the  dependency of the  forward current on the bias voltage is expressed by
( & )  ’
w ith n  is the  ideality factor, k s  the  Boltzm ann constant (8.6173324x10“  ^ eV /K ), T  the 
tem perature, q the electric charge and V  the  applied bias voltage. Recom bination phenom ena 
will be dom inant for n  =  2 , while diffusion will prevail a t n  =  1 .
Hence, an exponential fit to  the  I-V forward characteristic reveals these regions. In fact, 
the  slope S  of the  exponential fit to  each region of the  curve gives n:
In Fig.5.1 (b) the red line shows how recom bination phenom ena are present a t  very low 
values of the  bias voltage, as n  ~  2. The slope of the  region fitted by the blue curve, instead 
indicates how a t higher value of the  bias voltage (tha t in the  figure is above ~  0.3 V), diffusion 
phenomena prevail, being n  ~  1. Increasing even more the  bias voltage, brings the  curve in 
the ohmic region, where the increase in the  current is proportional to  the  increase in the 
voltage by a factor given by the to ta l resistance.
A nother param eter th a t can be obtained measuring the reverse I-V characteristics is the 
breakdown voltage, Vm - The knowledge of its value is very im portan t to  understand  the 
correct operation regime of the  device. In Fig. 5.2 (a) the  reverse characteristics of the 
M PPC s under study are shown. It is visible th a t all the  devices present a  quite uniform  I-V 
dépendance. The curve can be divided into three different regions, m arked w ith (a ) , (b )  and
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(c ) . The first region is also called the photodiode region. Here the SiPM  has a linear response 
to  the incident light, w ithout any m ultiplication of charge carriers taking place a t detection.
The dark current in th is case is m ainly due to  surface leakage current flowing a t the  interface 
between the  p —n  junction and the Si oxide layer, which is constant w ith the  bias voltage. The 
second, (b ) ,  is the  APD region. For these values of the bias voltage, the  num ber of carriers 
created is proportional to  the num ber of incident photons, the  proportionality constant being 
the internal gain of the  device. Hence, the internal current generated inside the  bulk is also 
multiplied by the  gain of the device which increases w ith the bias. I t  has to  be noted th a t 
the  passage from the photodiode to  the APD region is characterised by a step in the curves 
in the  figure which is very likely due to  leakage of photons inside the  housing alum inium  
box. Finally, there is the  Geiger-Mode region, in which the num ber of charges created in 
each single pixel is not anymore proportional to  the  num ber of incident photons, and hence a 
s tandard  signal is in ou tpu t a t each pixel. In this case also the carriers generating the internal 
current undergo the  Geiger avalanche. The voltage a t which the passage from the  APD to  the  
GM -APD region happens is called breakdown voltage, Vbd- This can be calculated performing 
a  parabolic fit to  the  ankle of the  reverse I-V curve and is then  given by:
* \/(1 ) +
w ith 6 , c and ab, <Jc the  coefficients of the  linear and quadratic term  in the  parabola equations 
and their corresponding statistical errors, while X q is the  initialised value of the  breakdown 
voltage. The parabolic fits performed in this way are shown as well in the  same figure.
Finally, Fig.5.2 (b) shows a detail of the  breakdown region. Vbd is clearly m arked by a red 
vertical line. A second vertical line, however, marks the maximum value of the  bias voltage 
th a t should be applied to  a SiPM. In fact, as previously m entioned, there is a  certain  value of 
the  current flowing in the  sensor a t which the avalanche mechanism self-quenches, I I  ^  20fiA. 
Hence, given a certain value of Rq the  maximum overbias is given by AVmax — I l R q- For the  
devices under study, th is maximum  over-bias ranges between 2.62 V for the  M PPC  11-50C 
and 7.16 V for the  M PPC  33-25C. I t is im portant to  note th a t in the case in which the  sensor 
is biased a t a  value of the  over-bias being too high, the  gain will not be uniform anymore as 
the  quenching tim e will increase.
In Fig.5.3 the capacitance Cm and conductance Gm of the  H am am atsu M PPC s as function 
of the  applied bias voltage are shown. These two quantities are the im aginary and real p a rt 
of the  total admittance of the  SiPM  respectively (see A ppendix D). To obtain the  values of 
bo th  quantities a t Vbd, a  linear fit in the  region where bo th  capacitance and conductance are 
constant was made. The results are listed in Tab.5.2.
The curve representing the  dark C-V m easurem ent is divided into two regions. F irst there  
is a slow decrease of the capacitance w ith the bias voltage, which is typical of a  reverse-biased 
diode. This is followed by the final region in which the value of the  capacitance is assum ed 
constant. The value of the  bias a t which the capacitance approaches a constant corresponds 
to  the  full depletion of the  device. This is in line w ith the reverse I-V characteristics, in which 
ytias =  20 V marks the passage from photodiode to  APD behaviour. Hence, an increase 
in the  reverse bias above the  breakdown voltage determines only the increase of the  electric 
field in the SiPM, which converts the  device into a  CM -APD. It is im portan t to  bias the  
device a t voltages a t which the substrate  is fully depleted: this ensures th a t the  depletion 
region is thicker than  the penetration depth of the light inside the device (mainly for long
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wavelength detectors). This in tu rn  is fundam ental to  have a fast signal a t the  o u tpu t as 
carriers generated outside the depletion region tend  to  roam  around before sensing the  strong 
electric field a t the  avalanche region.
From the  m easurem ent of the  to ta l capacitance of a  SiPM it is also possible to  estim ate 
the  thickness of the  avalanche region, following the  equation:
d = es i - eo-6g-  (5.5)
Cm
with esi • eo the perm ittiv ity  of silicon, 11.7 x 8.85 fF /m m  [97], eg the the  geometric efficiency 
and A  the  to ta l area of each device. The results are reported in Tab.5.2 . I t is found th a t  for 
the  devices w ith same pixel size, the  value of the  avalanche region’s thickness are consistent 
w ithin 1 (7 , a t the level of confidence of the 68.27%.
5.1.2 Dark pulses, gain and the calculation of the device param eters
As described in C hapter 3, the  performance of the  SiPMs are strongly affected by the  pres­
ence of dark  pulses. These are spurious pulses generated by free carriers th a t  are therm ally 
activated, present in the  bulk and not generated by the absorption of a  photon. They are 
accelerated by the  strong electric field in the  depletion region. The num ber of dark  pulses in­
creases w ith the  bias as above Vtd the  depletion region reaches the  maximum  thickness, while 
a t even higher bias the  probability of therm al and field assisted generated carriers increases. 
Fig.5.4 shows a dark  pulse obtained a t Vbias =  70.6 V (~  2.5 V of over-bias, i.e. below the 
maximum over-bias allowed to  have good quenching, AVmax — 2.62 V) for a  H am am atsu 
M PPC  11-50C corresponding to  two pixels firing a t the  same time. Fig.5.5 shows th e  his­
togram  of the  charge released by each firing pixel from a set of 2 0 0 0 0  dark  pulses, w ith a  bin 
size of 2.4 fC. In the  picture the first two peaks, fitted w ith a  Caussian, indicate the  charge 
relative to  one and two firing pixels, corresponding to  the pulse shown in Fig.5.4.
The variation of the  gain w ith the bias voltage can be obtained by recording dark  pulses 
a t different V^ias- The centroid of the  Caussian fit to  the  first peak of the  histogram  in Fig.5.5, 
plo tted  versus the  applied voltage, gives the curve shown in Fig.5.6. I t  has to  be noted th a t 
Fig.5.5 shows a fictitious non-linearity due to  a  gating algorithm . This is a  brute-force m ethod 
which allows the  selection of an arb itrary  tim e window, which has the  eflPect of reducing the 
duration of the baseline. The pulses or portion of pulses th a t fall in th is window are in tegrated  
and the resulting values are p lotted  in a  histogram . Due to  the  fact th a t  for th is particu lar 
plot the tim e window was chosen short enough to  contain well m ainly single photon pulses, 
a  fictitious non linearity is introduced, due to  the  fact th a t pulses characterised by a longer 
duration are cut, which hence results in a smaller charge. From Eq.3.1, it is possible to 
calculate the pixel capacitance, Cpixeh from the  slope of a  linear fit to  the points in the  curve.
The values of this param eter obtained for four H am am atsu M PPC s are listed in T ab .5.1).
Finally, from the calculation of the  to ta l adm ittance of the circuit (see Appendix D), and 
using the values of the  capacitance Cmeas and conductance CT^eas m easured w ith the  LCR 
m eter and reported  in Tab.5.2, the  values of the diode, quenching and parasitic capacitance
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F ig u r e  5 .4 : A  single dark pu lse from  an H am am atsu  M P P C  1 1 -5 0 0  at Vbias =  70.6 V  given by tw o p ixe ls  
firing at th e  sam e tim e  (cfr. F ig .5 .5 ).
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F ig u r e  5 .5 : H istogram  o f th e  charge o f dark pulses o f an H am am atsu  M P P C  11-50C biased at Vbias — 70 .6  V . 
T h e three peaks have centroid  at Ciphe =  78.79 ±  0 .05 fC, C 2phe =  192.7 ±  0.1 fC and Csphe =  316 ±  2 fC.
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of the circuit in Fig.4.8 are found solving the system [96]:
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F ig u r e  5 .6: T h e gain  o f th e  M P P C s in fun ction  o f th e  applied b ias vo ltage.
P a r a m e te r s H P K  1 1 -2 5 0 H P K  3 3 -2 5 0 H P K  1 1 -5 0 0 H P K  3 3 - 5 0 0
T otal A rea (mm^) 1 X 1 3 x 3 1 x 1 3 x 3
P ix e l Size (/xm) 25 25 50 50
NpixeZ 1600 14400 400 3600
Vbj (V ) 68.31 ± 0 .0 6 69.25 ±  0.08 68.138 ± 0 .0 0 6 69 .567  ± 0 .0 0 4
Rg (kf]) 218.0 ± 0 .5 358.1 ± 0 . 7 131 ± 4 163.1 ± 0 . 4
C , (fF) 2.9 ± 0 .9 2.5 ± 0 .6 7 ± 6 7 ± 8
Cd (fF) 14.92 ± 0 .0 2 15.20 ± 0 .0 2 71 ±  1 78.0 ±  0.2
Cg (pF) 8.97 ±  0.06 53.4 ± 0 . 4 8 ± 2 25.3 ±  0.9
Cpizel (fF) 17.8 ± 0 .9 16.7 ± 0 .6 78 ± 6 85 ± 8
T a b le  5 .1: T able o f th e  m easured M P P C  param eters.
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5 .1 .3  T h e  S iP M  p u lse  sh a p e
Once the param eters of the equivalent electrical circuit of the SiPM are obtained, it is possible 
to use them  in a SPICE simulation of the  detector and study its ou tpu t pulse shape. The 
circuit used in the simulation was shown in Fig.4.8 and its im plem entation in Fig.4.12.
The equivalent circuit models a firing pixel with two loops in series. The first one m ade of 
a current pulse generator in parallel w ith the diode capacitance, Cd- The second one m ade of 
the quenching resistance, R q, in parallel w ith the quenching capacitance, Cq. The sim ulated 
single photon pulses for the four H am am atsu M PPC s under study, using the param eters listed 
in Tab.5.1, are shown in Fig.5.7.
However, it is im portant to  note th a t two approxim ations were used in this simulation. 
The first one is th a t, in an ideal case, the param eters needed to model the  current pulse 
generator should be given by an accurate study of the  microplasma current developed during 
an avalanche event inside the device. In literature, this is modelled in two different ways: 
with a voltage generator in series with a diode resistance and a switch th a t closes in case of
P a r a m e t e r s 1 1 -2 5 C 1 1 - 5 0 0 3 3 - 2 5 0 3 3 - 5 0 0
A (mm^) 1 . 0  ± 0 . 2 1 . 0  ± 0 . 2 9.0 ± 0 .6 9.0 ± 0 . 6
^9 (%) 30.8 61.5 30.8 61.5
Cmeas (pF) 32.82 ±  0.04 36.72 ± 0 .0 6 272.0  ± 0 .3 304.1 ± 0 . 6
Cmeas (/^S) 3 .064 ±  0 .008 46.84 ±  0.08 10.40 ± 0 .0 8 139.9 ± 0 . 4
d (/um) 1 . 0  ± 0 . 2 1.7 ± 0 .3 1.06 ± 0 .0 7 1.9 ± 0 .1
T a b le  5 .2 :  Table o f th e  ca lcu lated  values o f  th e  avalanche th ickness for som e H am am atsu  M P P C s.
H am am atsu M PPC 1 1 -2 5 0  
H am am atsu M PPC 11-50C  
H am am atsu M PPC 33-25C  
H am am atsu M PPC 33-50C
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F ig u r e  5 .7 :  S im ulated pulses for th e  H am am atsu M P P C  under te st. T h ese  pulses were ob ta in ed  u sin g  th e  
sam e m odelled  pulse current generator and th e  circu it im plem ented  in F ig .4 .12 .
5.1. Electrical characterisation 93
detection of a photon in [89] or w ith a  Dirac delta in [87]. In th is thesis the  second m ethod 
was used w ith the  Dirac delta  approxim ated by a fast current pulse w ith finite duration. The 
second approxim ation is the  exclusion of the  readout electronics from the  simulation. In fact 
the  readout preamplifiers used in the  measurem ents are commercial devices whose electronic 
circuit is complicated to  sim ulate m ainly due to  a lack of inform ation on the value of the  
components. These two approxim ations do not harm  the validity of the  sim ulation results 
th a t were intended to  study the pulse shape only. Hence the  m ain disagreem ent between 
sim ulation and real da ta  is expected on the  pulse rise tim e, which is strongly affected by the  
bandw idth of the readout electronics, in particular compromised by the  preamplifier w ith a 
nominal rise tim e longer th an  the input signal rise time^.
Therefore, the  param eters for the  model of the  current pulse generator were chosen con­
sidering the  pulse am plitude in input to  the  preamplifier, Vi, and modelling the current pulse 
generator in such a way to  obtain the same sim ulated value. In fact, in the case of the  
H am am atsu M PPC  11-500, from Fig .5.7, and from the Gaussian fit to  the  histogram  of the  
charge developed by dark  pulses in Fig.5.5, the  m ean value of the  current developed by one 
pixel firing was obtained as ( /)  =  C ip h e l^ t — 3.94 //H, where Ciphe is the  charge released by 
one firing pixel and A t is the  duration of the  dark pulse, which is estim ated about 20 ns^ 
from Fig.5.4. This current, flowing on a load of 50 0 , gives then  an approxim ated value of 
Vi = ( I ) R l  — 2 0 0 /rV. In th is case, the  current pulse generator should be modelled w ith a 
current pulse of 20 //s duration, 1 fs rise and decay tim e and 1 . 2  mA m axim um  am plitude, 
which is in line w ith the  m aximum  value of the current pulse used for example in [89]. This 
approxim ation was used also to  obtain  the pulses for the  rem aining M PPC s, as shown in 
Fig.5.7.
Continuing considering the M PPC  11-50C as reference detector, it is then  possible to  use 
the superposition principle to  model the pulse shape of a  m ultiple-photon pulse, i.e. m ultiple 
firing pixels pulse. In th is case, five pixels were firing and were then modelled by a current 
pulse generator w ith the same param eters as the one used in the  case of one pixel firing.
The delay between the  firing pixels was between zero and 60 ps. The sim ulated pulses are 
shown in Fig.5.8. This sim ulation is helpful to  understand how a SiPM  responds to  a light 
stimulus. It is possible to  see how coherent light produces pulses th a t have the sam e shape as 
a single photon pulse and am plitude proportional to  the  num ber of detected photons, while 
non-coherent light produces pulses w ith the typical stair-shape rising edge (in the  figure purple 
to  green curves) and smaller am plitude. One has to  note however, th a t  in a  real pulse the  
rising edge will have steps random ly distributed in time. This is very im portan t in the  case of 
tim ing applications, where the tim ing jitte r, i.e. the  ratio  between the rm s noise on the  signal 
and the maximum  slope of its rising edge, d V /d t, is the  fundam ental param eter. Hence, in 
the  case of non-coherent light impinging on the detector, one has to  expect a worse tim ing 
resolution, due to  a smaller dV /d t.
Prom Fig.5.7 it is possible to  see how the  falling edge of the SiPM pulse is characterised 
by two decay constants, a slow constant, TsIow, and a fa st constant, Tfast- The first one is due
^The rise tim e of a preamplifier can be calculated from its bandwidth, fa, using the rule of thum b tra —  
2.2r =  2.2/27T/a =  0 .3 5 //„  [70].
^From a comparison between Fig.5.4 and Fig.5.7 it is possible to  see that the duration of th e  pulse was 
underestimated. The effect of this is a slightly higher value of the maximum current in the m odelled current 
pulse generator which produced a non optimum quenching. The bad quenching can be detected by the fact 
that the pulse lasts for ~  2 fs at the maximum value. A direct comparison of the two waveforms is not possible  
to  the high frequency noise that affects the measured pulse distorting the pulse shape.
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F ig u r e  5 .8 : Simulation of a multiple photon-pulse in the case of an Hamamatsu M PPC  11-50V biased at 
V b ia s  =  70.6 V. These pulses refer to a R l  =  24
to the current flowing in a fired pixel, in recharging mode, and is given by the product of the  
quenching resistance and the pixel capacitance; the  la tte r is due to  the current flowing in the  
load, which is given by the product of the resistive load and the parasitic capacitance due to 
the remaining non-firing pixels [8 8 ]. Their expressions are given by
' s^low —  " b  C 'c f ) '^fast —  FthCpar- (5.9)
where Cpar is the parasitic capacitance. Hence, in the case of one firing pixel, Cpar is given by 
the equivalent capacitance of the  Npixel ~  1 diode and parasitic capacitors, Ceq =  {Npixel — 1 ) - 
CqCdl{Cq +  Cd)-, in parallel w ith the parasitic capacitance of the metallic grid, Cg, which is 
expressed as:
Cpar — Ceq || Cg — {^Npixel 1 ) (5.10)
In the case of the M PPC 11-50C, when biased by the first bias circuit (cfr. Fig.4.10 (b)), the  
falling edge of the single photon pulse was fitted using a double exponential as
v{t) =  uo +  cie ^Csiow cgg- (5.11)
with UQ, Cl and C2 constant values. The values found for the slow and fast tim e constants are 
'Tsiow — 10.88 ns and Tfast =  247.11 ps (taken w ithout errors as from sim ulation results). These 
are consistent w ith the values th a t are obtained using Eq.5.9 and 5.10, =  1 0 . 2  ±  0.9 ns
and =  260 ±  50 ps, in which the resistive load was assumed as the parallel of the load
resistance R l and the input resistance of the readout stage, both  equal to  50 It is worth
^The same calculation can not be performed on the simulated pulses for the other devices as th e  initial as­
sum ption on the maximum value of the current pulse would have to  change. In fact each device is characterised  
by a different gain (cfr. Fig.5.6) which implies a different current pulse generator.
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noting th a t the  rise tim e of the single photon pulse equals =  2 0  ps, which is the value of 
the  duration of the current pulse sim ulating the avalanche.
5.2 C h aracterisation  o f  th e  S iP M  w ith  op tica l p h oton s
The study of the  properties of SiPMs m ainly related to  tim ing applications was performed 
illum inating the devices w ith photon beams generated by a femtosecond laser. The rise tim e, 
the  intrinsic and the coincidence tim e resolution were m easured using the setup described 
in C hapter 4 and the H am am atsu M PPC s listed in Tab.4.1. In w hat follows, the  results 
obtained are discussed.
5.2.1 The rise tim e and the tim ing jitter  of the SiPM  at 800 nm
The rise tim e is defined as the  tim e interval in which the  rising edge of the pulse reaches two 
predeterm ined voltage levels, which in general are the  10% and the  90% of the  to ta l am plitude.
As seen in the previous section, the  values of the  rise tim e as well as of the  tim ing jit te r  are 
strongly dependant on the coherence of the incident light, ra ther th an  on its intensity. This 
statem ent is proved by two experiments in which photons em itted  by a T i:Sapphire laser w ith 
two different wavelengths are directed on three H am am atsu M PPCs, precisely the  11-25C, 
11-50C and 33-25C.
In Fig.5.9 the histogram  of the rise tim e obtained for the  M PPC  11-25C when readout by 
three different preamplifiers is shown. As listed in Tab.5.3, the  preamplifiers used have differ­
ent bandw idth and gain, bu t are all characterised by the same input and ou tpu t impedance.
The M PPC  is also readout w ithout the  use of any pream plification stage. This was per­
formed to  prove th a t, in case of high light intensity, the  device could be directly readout on 
the 50 Q input impedance of the  oscilloscope, m aintaining good values for the  tim ing jitte r  
(cfr. Fig.5.10), despite the  effect of parasitic capacitances and conductances (cfr. T ab.5.3). 
From Tab.5.3, in fact, it is possible to  see how the  high bandw idth preamplifier does not 
guarantee the fastest rise time. This is due to  the  high frequency noise th a t is inevitably 
introduced by the wider bandw idth [70]. However, the  same table suggests th a t in the  case of 
the  1 x 1 mm^ M PPC , the use of a high gain preamplifier improves the  rise tim e. This is not 
clear in the  case of the  3x3  mm^ M PPC , which could be due to  the  very high capacitance of 
the  device th a t the  impedance m atching w ith the  50 Q, input impedance of the  preamplifiers 
makes difficult. Finally it should be noted th a t the  detector was also readout directly a t the  
oscilloscope, w ithout any preamplification stage. Very high values of the  rise tim e, due to  the  
capacitance introduced by the coaxial cables and principally to  the quality of the  com ponents 
and the lack of optim ised tracks of the  bias circuit shown in Fig.4.10, were found for bo th  
M PPCs. In fact it will be shown in w hat follows, th a t a  similar bias circuit m ade w ith  surface 
m ount components (cfr.Fig.4.12) allows the possibility to  m easure very fast rise tim e of the  
order of hundreds of ps, this tim e limited by the  bandw idth of the  pream plifier and of the  
oscilloscope itself.
In Fig.5.10 the variations of rise time and tim ing jit te r  w ith the bias voltage for an 
H am am atsu M PPC  11-25C, when directly readout a t the  oscilloscope, are shown. I t  is possible 
to  see how the  increase in the  bias voltage deteriorates the  value of the  rise tim e. This 
corresponds to  an increase in the dark noise, i.e. to  an increase in the  num ber of afterpulses 
and hot carriers w ith bias voltage, over the  signal level. An opposite trend  is found in the  
case of the  tim ing jitte r , which decreases w ith the  bias voltage. In fact, as from Eq.3.20, the
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F ig u r e  5 .9: H istogram  o f th e  10% to  90% rise tim e for an H am am atsu  M P P C  11-25C  at Vbias =  70.9 V  
over a sam ple o f 2500 pulses. It is w orth  notin g  th a t th e  variations on th e  rise tim e  are due to  th e  different 
characteristics o f th e  readout pream plifiers used (cfr. T ab .5 .3). T h e results ob ta ined  in th e  case o f  th e  M P P C  
33-25 reflect th e  sam e behaviour as th e  M P P C  11-25 show n in th is p icture, how ever w ith  higher values, as 
seen in
Tab.5.3.
P r e a m p lif ie r B a n d w id th G a in N o m . R ise  T im e R ise  t im e R is e  t im e
(M Hz) (dB) (ps) H P K  1 1 -2 5 0  (ns) H P K  3 3 - 2 5 0  (ns)
O rtec V T  120 10 - 350 46 1 0 0 0 1.714 ± 0 .0 0 1 3 .440  ±  0 .003
M ini-C ircu its ZFL 0 . 1  - 1 0 0 0 2 0 350 1.916 ± 0 .0 0 2 3.931 ± 0 .0 0 6
G SI D B A  IV /R 0.003 - 2000 23 - 45 175 1.988 ±  0.001 3.301 ±  0 .002
N o pream p - - - 2.223 ±  0 .002 4 .46  ± 0 .0 1
T a b le  5 .3: Table o f th e  used current am plifiers and o f th e  m easured rise t im es [92] [93] [94].
increase of the over-voltage involves an increase of the gain, which in tu rn  improves the  SNR. 
This is a proof of the good quality of the devices as well, in term  of im purities in the  Si bulk, 
as the increase of the gain overcomes the increase of the noise level.
5 .2 .2  T h e  rise  t im e  an d  th e  t im in g  j it te r  o f  th e  S iP M  at 4 0 0  nm
As the purpose of this work is the study of the tim ing properties of a module, m ade of a 
scintillator readout by SiPMs, it was im portant to  consider the response of the photodetector 
to  photons with a wavelength in the range of the emission wavelength of LYSO crystals, which 
is the compound of choice for ToF-PET applications. This is the reason behind the decision 
of performing the experiments for the study of the tim ing properties of SiPM s at A =  400 nm  
(cfr. Tab.2.1).
In Fig.5.11 the variations of rise time and tim ing jitte r  of three H am am atsu M PPC s as a
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F ig u r e  5 .10 : V ariation  o f th e  rise tim e and tim in g  jitter  for a H am am atsu  M P P C  11-25C vs th e  b ias vo ltage. 
T he M P P C  is illum inated  w ith  A =  800 nm  w avelength  ph otons and is readout w ith o u t any pream plifier.
function of the  pulse am plitude are shown for a sample of 2500 pulses. It has to  be noted th a t, 
as previously anticipated, the bias circuit for all the experiments described in th is section is 
the one shown in Fig. 4.12. The improvement introduced by the use of this particu lar circuit, 
which in the  value of the components is very similar to  the one in Fig.4.10, is a faster rise 
tim e and a better tim ing jitte r. A direct comparison between the values obtained a t 800 nm  
with the one obtained a t 400 nm is not possible, due to  the fact th a t the  light intensity in 
the first case was extremely large in comparison with the one used in the la tte r experiments. 
Also, it has to  be noted th a t the aim of the first experiment, conducted a t 800 nm, was 
merely the study of the effects of different readout electronics on the  SiPA4 o u tpu t pulse. 
However, in the  case of the experiment conducted at 400 nm, the aim was the study  of the 
tim ing performances of a SiPM and pairs of SiPA4s in coincidences at low intensities, as 
expected in ou tpu t of scintillating crystals. However, a comparison between the two circuits 
was performed on the value of the rise time for dark counts for an M PPC  11-250, using the 
same load resistance for the two circuits (50 fl) and the same preamplifier (O rtec V T 120) 
and biasing the M PPC  at the same Vbias (=  70.9 V). It was found th a t the  average rise tim e 
with the improved circuit is almost two-fold faster, being w ith the circuit in Fig.4.10 equal 
to t l  =  2.003 ±  0.001 ns, while using the circuit in Fig.4.12, =  1.086 ±  0.002 ns, for a 3000
pulses sample. The plots in Fig.5.11 were obtained also filtering the pulses w ith a  low-pass 
digital B utterw orth filter w ith fc  =  600 AIHz and n  =  2 (cfr. ^3.6.2). The best values 
obtained w ith and w ithout the use of the filter are reported  in Tab.5.4. It is evident how the 
low-pass filter affects the duration of the rise tim e, bu t on the other hand improves the  tim ing 
jitte r  by 50%. From the plots in Fig.5.11 it is also evident how the tim ing param eters of the 
M PPC s improve with the number of detected photons'^, m ainly because of the improvement
T o r  technical reasons it was not possib le  to  calibrate th e  system . H ence th e  ex a ct num ber o f  d e tected
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F ig u r e  5 .1 1 :  V ariations o f (a) rise tim e and (b) tim in g  jitter  w ith  th e  light in ten sity  for p h oton  b eam s o f A 
=  400 nm . In th is case a filter was used to  sm ooth  th e  rising edge o f th e  signal.
5.2. Characterisation o f the SiPM  with optical photons 99
1 1 -2 5 C 11 -5 0 C 3 3 -2 5 C
trise - no filter (ps) 543.1 ± 0 .4 552.8 ± 0 .2 1017.3 ± 0 .3
trise - filter (ps) 725.3 ±  0.2 713.81 ± 0 .0 6 1086.26 ± 0 .0 5
at  - no filter (ps) 19.45 ± 0 .0 5 11.05 ± 0 .0 2 17.03 ±  0.02
at  filter (ps) 9 .759 ± 0 .0 1 3 5.309 ±  0 .007 7.531 ± 0 .0 0 7
T a b le  5 .4: T able o f th e  b est values o f th e  rise tim e and tim in g  jitter  using three H am am atsu  M P P C s and  
th e  400 nm  harm onic o f th e  laser. T h ese  resu lts were ob ta ined  using a B utterw orth  filter w ith  fc  =  600 M Hz, 
of th e  second order. D a ta  ob ta ined  using th e  M in i-C ircu its ZFL.
o Hamamatsu MPPC 11-25C 
—  Gaussian fit250
200
150
ITR = 37.2 ± 0.2 ps
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F ig u r e  5 .12 : H istogram  o f th e  IT R  for an H am am atsu  M P P C  1125C , biased at Vbias =  72 V . T h e  pulses  
were filtered w ith  a low -pass B utterw orth  filter, fc =  500 M H z (i.e. th e  value o f fc  w here th e  b est IT R  was  
obta ined) and n  =  2, and th e  C F D  algorithm  w ith  Vth =  50% w as used. T he bin size o f th e  h istogram  is 5 ps, 
w h ile  FWHMcoincidence — 46 .7  ±  0 . 2  ps and F W H M t h  =  28.02 ±  0.08 ps (cfr. E q .4 .2 ).
of the SNR. This is in line with the discussion of ^5.1.3, in which it was sta ted  th a t  the 
coherence of light improves the tim ing performance of these detectors.
5 .2 .3  In tr in sic  t im e  reso lu tio n
The intrinsic tim e resolution (ITR) of the SiPM can be defined as the spread on the  tim e 
the detector takes to  generate a signal under a light stimulus. This spread is due to  the 
statistics of the avalanche development in the detector, bu t its m easurem ent is affected by 
the high frequency noise introduced by the readout electronics and the num ber of fired pixels 
as well as the delay between firing pixels. It is also im portan t to  note th a t another factor
ph oton s is unknow n. H owever, th is does not spoil th e  v a lid ity  o f  th e  p lots show n in F ig .5 .11 , as th e  pu lse  
am plitud e is linearly proportional to  th e  num ber o f firing p ixels for coherent light.
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th a t influences the IT R  of a SiPM is the  position in the  pixel where the  photon is absorbed.
In fact, it has been proven recently th a t the  value of the  IT R  is maximised when the photon 
is absorbed in the  centre of the active area of the  pixel, while it deteriorates a t the edges of 
the  pixel, close to  the  electric contact and the  quenching resistance. For example, in [100], 
values of the  FW HM  of the jitte r  distribution for an M PPC  11-50C range between 294 ps 
for photons incident on the side of a  pixels and 192 ps for photons incident a t the  center 
of the  pixel. This is due to  the  smaller strength  of the  electric field as well as to  a  slower 
avalanche propagation close to  the  edges of the  pixel. In fact it has to  be pointed out th a t 
the  avalanche propagates w ith two components: one fast, due to  the  longitudinal build-up, 
which represents a m inor contribution to  the  spread of the  IT R  (cfr. %3.2.5), the  second 
is slow and is due to  carriers th a t are generated outside the avalanche region. The la tte r 
effect is dom inant for longer wavelengths and contributes to  the histogram  of the  IT R  w ith 
tails outside the Gaussian peak. From Fig.5.12 it is possible to  see th a t the  IT R  histogram  
obtained a t 400 nm  showed a pure Gaussian shape, as expected being the  H am am atsu M PPC  
devices characterised by an avalanche region given by a shallow junction, hence optim ised for 
shorter wavelengths, w ith maximum  P D F  a t 450 nm.
The IT R  was m easured w ith the setup described in C hapter 4. From ^4.3.2 the FW HM  
of the histogram  in Fig.5.12 gives the  value of the  IT R  from Eq.4.2, once calculated the jitte r  
on the voltage threshold from Eq.4.3. The digital pulse analysis software allows to  select:
•  the type of low-pass filter used to  reduce the high frequency noise introduced by the 
readout electronics,
•  the  cut-off frequency, fc, and the order, n, of the  filter,
•  the  type of algorithm  for the determ ination of the  tim e stam p pick-up,
• the voltage threshold, a t which the tim e stam p is taken.
It is hence possible to  minimise the  value of the  IT R  as well as of the C T R  w ith an optim um  
choice of the algorithm s for the  filter and the tim e stam p pick-up and their param eters.
In Fig.5.13 (a) the variations of the  IT R  w ith the  filter algorithm  for an H am am atsu 
M PPC  11-25C are shown, for the  same tim e stam p pick-up algorithm  and w ith the detector 
a t constant bias. It is possible to  see in all the  curves, relative to  B utterw orth , Chebyshev and 
Bessel low-pass filters, a  minimum for the  ITR . As expected, considering th a t  the  detectors 
were readout by the M ini-Circuits preamplifier, which has a nominal rise tim e tra ~  350 ps 
(cfr. T ab.5.3), the  curves show a minimum in correspondence of tra, being the  original rise 
tim e of the  signal negligible in comparison w ith tra- The best value of the  preamplifled 
signal rise tim e is found in the  case of the  B utterw orth  filter. In fact, w ith th is algorithm  the 
minimum IT R  is found a t fc  — 500±50 MHz, which would imply a r  =  1 /(27t/^* ’^ ) ~  3204:30 
ps. For the  other two algorithm s the preamplifled signal rise tim e are larger, bu t th is can 
be due to  the way in which the filters operate on the signal, i.e. to  the  characteristics of the
passband and of the  roll-off of the  fllters. From another point of view, the  trend  shown in
Fig.5.13 (a) can be described as follows, remembering th a t the  IT R  is given by the  fluctuations 
of the  rising edge a t the  level of a certain threshold. The action of an increasingly smaller 
bandw idth (low-pass) filter implies on one side the increase of the value of the  rise tim e of 
the  signal, and on the  other side the decrease of its am plitude as well as of the  noise level, 
which determines the increase of the  SNR of the  signal [70]. The reduction of the  noise a t 
the  threshold level w ith fc  improves increasingly the ITR , until this reduction reaches its
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F ig u r e  5 .1 3 :  V ariations o f th e  IT R  w ith  th e  filter algorithm  and w ith  th e  cut-off frequency and th e  threshold  
level. In (a) th e  variations o f th e  IT R  of an H am am atsu M P P C  11-25C biased at Vuas =  72 V  w ith  filter  
algorithm s are shown. In (b) th e  variations o f the H am am atsu  M P P C  33-25C , b iased  at Vbias =  71.9 V , w ith  
th e  threshold  level, Vth, and th e  cut-off frequency, fc ,  for a B utterw orth  filter and a lead ing ed g e-2 ch tim e  
stam p  pick-up algorithm  are shown.
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MPPC 33-25C (RAL)
° multiple-photon pulse with laser 
(mean over 1000 events)
• single-photon pulse simulated 
'= 1.152 ±  0.002 ns / = 11.78 ±  0.01 nsn se  — decay  —
20 = 12 .18  + 0.01 ns
30n 40n
Time (s)
70n
F ig u r e  5 .1 4 :  C om parison betw een  a sim ulated  and a m easured signal. T he sim ulated signal refers to  a  sing le  
ph oton  signal, w hile th e  m easured one refer to  a m ultip le-p hoton  signal. T he tw o curves su perim pose  very  
well, excep t th an  in th e  rising edge, w here th e  m easured signal is strongly  affected by th e  readout e lectron ics. 
It is w orth notin g  th a t, due to  a very high values o f Rq  and Cg found for th is device, th e  fast and slow  decay  
constan ts presents values com parable and cannot be d istin gu ished , resu lting then  in one decay constan t.
minimum at At this point a further action of the filter has as unique effect the  increase
of the  slope of the rising edge, which then  deteriorates the ITR.
In Fig.5.13 (b) a plot similar to  Fig.5.13 (a) is shown. However, in this case, the  variations 
w ith fc  for the B utterw orth filter are shown, along w ith the variations w ith the threshold 
voltage, Vfh, for the  CFD-equivalent algorithm. In this case, an increase in Vth corresponds to  
an improvement of the ITR. Again, a minimum value for this quantity  is found for a threshold 
at half of the  to ta l pulse am plitude. As these experiments were performed a t low light level, 
and yet not at the single photon level, this result was not expected. In fact in the m ost 
general case, as seen in ^3.6.3, the IT R  should be minimised a t the m aximum  slope of the  
rising edge. In the case of a m ultiple photon signal, this slope is expected at a  very low value 
of Vth- However, in the case of coherent light, the  slope is still maximised for high Vth, a t 
the same level of the single photon pulse; in this study Amaxl'^ was used. This is very well 
illustrated in Fig.5.14, in which a superposition of the sim ulated single photon pulse and a 
multiple photon pulse for a H am am atsu M PPC  33-25C is shown. In this figure, the  falling 
edge, which is weakly affected by the readout electronics, m atches very well w ith the falling 
edge of the simulated pulse (cfr. the values of Tdecay reported in Fig.5.14). The rising edge, 
as expected is much longer th an  the simulated rising edge. This is due mainly to  the  effect 
of the readout electronics on the SiPM signal, i.e. to the presence of the load, bu t it is also 
possible th a t very small delays between detected photons contribute to  this part of the signal, 
as for example in the case of the 10 ps delayed firing pixels pulse in Fig.5.8. The shape of the 
m easured signal in Fig.5.14 helps also to understand the trend  of the curve in Fig.5.13 (b).
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F ig u r e  5 .15 : V ariations o f th e  C T R  w ith  th e  bias vo ltage for tw o pairs o f  H am am atsu  M P P C  11-25C  and  
33-25C . T h e curves were ob ta ined  using a low -pass B utterw orth  filter, fc  — 600 M H z and n  =  2, and w ith  th e  
three different tim e stam p pick-up algorithm s.
The rising edge presents a very high slope up to  the 50% of the signal. Above th is value the 
slope s ta rts  decreasing, which explains the increase in the  IT R  for Vth > 50%. However, the 
increase in the  ITR  for Vth < 50% is explained by the presence of high frequency noise which 
is more im portant in the region close to  the baseline of the signal.
5 .2 .4  C o in c id en ce  t im e  reso lu tio n
The coincidence tim e resolution (CTR) is given by the FW HM  of the histogram  of the tim e 
coincidence between two detectors and represents the variance on the m easurem ent of the 
tim e delay between the detection of two light pulses incident on the photodetectors. In this 
experiments two pairs of H am am atsu M PPCs, with same pixel size bu t different to ta l area, 
11-25C and 33-25C, were used. As in the case of the  ITR, the results of the  m easurem ent can 
be optimised using the various digital filters and choosing among the three different algorithm s 
for the  tim e stam p pick-up.
In Fig.5.15, the variations of the CTR with the bias voltage and w ith the tim e stam p 
pick-up algorithms for bo th  detectors are shown. For both  M PPC  11-25C and 33-25C, within 
the bias voltage range of interest, the fluctuations in the C TR  were of the  order of 10 ps for all 
the tim e stam p pick-up algorithms. Hence w ith good approxim ation, the  C T R  in both  cases 
can be considered constant in this range of bias voltages. In the case of the fixed threshold 
algorithm , the CTR improves a t higher voltage. This can be due to  the fact th a t the increase 
in the voltage and hence of the  gain, effectively sets the threshold level at a lower position of 
the pulse signal (in proportion to  the to ta l am plitude), where the slope of the signal is higher.
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A lg o r ith m 1 1 -2 5 C
V th  C T R  (ps)
3 3 -2 5 C  
V th  C T R  (ps)
Fixed threshold 200 mV 70.6 ±  0.3 50 mV 87.9 ±  0.5
Leading Edge Ich 30% 69.1 ± 0 .2 25% 88.2 ±  0.5
Leading Edge 2ch 65% 43.9 ±  0.2 40% 58.0 ± 0 .1
T a b le  5 .5 : Table of the best values of the C TR  obtained for the M PPC s 11-25C and 33-25C w ith the three 
tim e stam p pick-up algorithms.
In Fig.5.16 (a) and (b) the  C T R  for bo th  detectors as a function of the  threshold level 
is shown. In Tab.5.5 the best values of the C T R  obtained for all the  tim e stam p pick-up 
algorithm s are listed. In  the  case of the  M PPC  11-25C, the  best value of the  C T R  is obtained 
at the  fixed threshold Vth — 35% Amax, w ith Amax — 550 ±  30 mV. As from Fig.5.16 (a) 
th is is in line w ith the  value found in the case of the  Leading Edge Ich. In  the  case of the  
CFD algorithm  (Leading Edge 2ch) the  value of Vth a t which the C T R  is m inimised is much 
higher, almost the  double of the  value of the  threshold found for the  other two algorithm s. 
In the  case of the  M PPC  33-25C, the  value of the  threshold for all the algorithm s are smaller 
th an  th a t found for the  M PPC  11-25C. For th is detector the  optim um  threshold in the  case 
of the  fixed threshold algorithm  is found a t Vth =  20% Amax, w ith Amax — 275 ±  10 mV. The 
lower threshold for th is detector can be due to  the  intrinsic single pulse shape of the  M PPC  
33-25C th a t has a longer rising edge in comparison w ith the  M PPC  11-25C. This implies 
th a t the  threshold has to  be set a t a  lower voltage, to  benefit from the high slope. Finally, 
it can be noted th a t in a different way th an  in the  case of the fixed threshold and Leading 
Edge Ich algorithm , the Leading Edge 2ch algorithm  presents a  quite broad and fiat region at 
which the  C T R  is minimised. This is the  consequence of the  fact th a t th is algorithm  behaves 
effectively as a  CFD, hence, being independent on the pulse am plitude, is characterised by 
and extended minimum region.
CHAPTER 6
Characterisation of LYSO crystals readout by SiPMs
In this chapter the results from the characterisation of LYSO crystals readout by SiPMs 
are discussed. The analysis of the performances of this detector system is realised through 
three stages. In the first stage, the system is studied using traditional gamma spec­
troscopy techniques. The energy calibration of the system using various gamma sources is 
performed and the effects of non-linearity introduced by high-yield scintillators are stud­
ied. Also a comparison between the values of the energy resolution found with such a 
system and the analogue quantities found in literature is reported. In the second stage, 
the response of various size LYSOrCe crystals is studied. The effect of the variations in 
the position of the source along the crystals on the readout photodetectors are discussed. 
Finally, the Coincidence Time Resolution (CTR) of pairs of detector systems realised with 
LYSO:Ce crystals of various sizes is reported. In particular the variations of the CTR 
with the bias voltage, the data analysis software parameters and the various crystal sizes 
are studied.
6.1 P relim in ary  analog gam m a-sp ectroscop y
As mentioned in C hapter 4, the  system made by a SensL SiPM and different Hilger scintillators 
was studied using 7 -spectroscopy techniques. Fig.6.1 illustrate  the  representative spectra  
obtained w ith the sources used for the  calibration of the  detectors and the CsLTl crystal (cfr. 
Tab.2.1).
A Gaussian fit to  the  photoelectric peaks in the  energy spectra was performed and the 
peak position was analysed by a polynomial fit to  the  da ta  set m ade by the points #  
ADC), w ith #  ADC the ADC centroid channel number, to  give the calibration curve for the  
system. Fig.6.2 illustrates a  non calibrated energy spectrum  of the ^^Na obtained w ith  the 
Hilger LYSO crystal and the SensL SiPM. Fig.6.3 shows the  calibration curves obtained w ith 
the SensL SiPM reading out three different Hilger scintillators, for various com binations of 
readout electronics, as anticipated in C hapter 4.
Although a general calibration curve should be a straight line, a shape th a t can be ap­
proxim ated as a  parabola was obtained when the SiPM  was coupled to  certain  scintillators.
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A linear fit was used in the case of the BGO, while a quadratic fit in the  case of LYSO:Ce 
and CsLTl, easily explained with the higher light yield of these two crystals (cfr Tab.2.1 and 
Tab.4.2). In fact, as already explained in Chapter 3.1, the SiPM has a m aximum  range given 
by the num ber of pixels th a t form the m atrix. If a number of photons greater th an  the  num ber 
of pixels hit the device, some of them  will be lost, being two or more detected by one pixel as 
one photon. This is because the current signal generated by each firing pixel is independent 
on the number of incoming photons. Hence the device is saturated . From Fig.6.3 it is also 
possible to  see th a t the calibration obtained w ith the LYSO has a bigger curvature in com­
parison w ith the curve of Csl, meaning th a t the detector coupled to  the  LYSO crystal reaches 
the saturation earlier: this is not in agreement w ith the light yield, neither w ith the  peak 
emission of the two crystals (higher in the case of the CsLTl, and giving a b e tte r wavelength 
m atch with the SiPM ’s detection efficiency peak). This effect is explained by a different value 
for the decay constant: for a certain energy deposited in the scintillator by the y-rays, the  
LYSO will emit a smaller num ber of photons in to tal, bu t with a higher rate. Hence, more 
photons will be incident on the SiPM, causing a tem porary saturation. Because the  SiPM  
itself has a dead tim e comparable to  the decay constant of the LYSO, more photons will be 
incident on the photodetector within a short time, causing saturation. This deviation from 
linearity was quantitatively measured using Eq.3.12.
F itting  the calibration curve obtained with the LYSO crystal (considering the one obtained
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F ig u r e  6 . 2 ; A  sp ectru m  (cfr. A p pend ix  C) ob ta ined  w ith  th e  H ilger LYSO and th e  SensL  S iP M  using  
two T F A s in integrator m ode. In th e  figure, th e  tw o in tegration  con stan ts are also shown.
8000 1----- '-----1----- '-----T
LYSO:Ce - probe readout with 2TFA stage 
Csl:TI - probe readout with 2TFA stage 
BGO - probe readout with 2TFA stage 
LYSO:Ce - direct connection to TIA preamp 
Csl:Tl - direct connection to TiA preamp 
BGO - direct connection to TIA preamp 
Energy (keV):
1. «7CS-32
2.0  5000 3. -1 2 2
600 800 
Energy (KeV)
1400
F ig u r e  6 .3 :  Sum m ary o f th e  calibration curves ob ta ined  w ith  th e  three H ilger crysta ls and w ith  th e  SensL  
SiP M  d irectly  readout by th e  SensL T IA  pream p and readout thou gh  th e  triaxial cab le  by th e  T IA  pream p  
and tw o stages o f tim in g  filter am plifier. T h e  calibration curves ob ta ined  for th e  B G O  are stra ight lin es w h ile  
for th e  other tw o scintillators quadratic curves were needed (cfr. T ab .2 .1 ).
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F ig u r e  6 .4 :  N on -linearity  equation  p lot ob ta ined  for th e  sy stem  SensL SiP M  coupled to  LYSOrCe and  
readout by tw o T FA s. T h e values ob ta ined  from  th e  fit to  th e  d ataset w ith  E q .3 .12 are a =  3619 ±  590 and  
b =  0 .0012 ±  0.0003 k eV “ ,^ w ith  a  consisten t w ith  Ntotai- T h e  d o tted  red curve in th e  p lo t, representing  
E q.3.12, w as ob ta ined  using Ntotai — 3640 and e =  0.15.
using two TFAs as readout electronics) with the equation
■E., (6 .1 )
with a and h two constants and Y  the light yield of the scintillator, and considering Eq.3.12, 
one finds:
(6 .2 )
^ N p h o to n  =  ------------  - ,  (6.3)
with E j  expressed in keV. Fig.6.4 shows the results obtained using the preceding equations. In 
this figure the non-linearity curve th a t was obtained by Eq.3.12 considering the exact num ber 
of pixels in the devices and the geometrical efficiency listed in Tab.4.1 is also superim posed. 
A very good m atch w ith the experimental da ta  is found. The big error bars visible in the  
plot are given by the error propagation on the preceding quantities^, w ith ctq the  dom inant 
component. It has to  be noted th a t the error bars are on the axis ra ther th an  on the d a ta  
points and the effect of a system atic error.
lot on. I —
Nphc /  Nphc
(6 .4 )
a(Nj,reé) = . a{N„uoion)-^  + erg. (6 .5 )
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B G O C s I :T l L Y S O :C e
D irect coupling 2 1 . 0  ±  0 . 1 8 .57  ±  0.06 11.7 ±  0.3
P rob e - Shaping A m p - 9.16 ±  0.02 13.62 ±  0 .06
P rob e - 2 -stages T FA 22.0  ±  0.7 10.344 ±  0.005 12.529 ±  0 .007
A P D  readout (P ep in ) [101] - - 12.9 ±  0.5
A P D  readout (M oszynsk i) [102] 8.5 to  10.4 5.8 to  9.8 -
A P D  readout (M oszynski) [103] 7.8 ±  0.2 4 .8  ±  0.14 -
P M T  readout (M oszynsk i) [103] 1 0 . 2  ±  0 . 2 6.5 ±  0.9 -
T a b le  6 .1 :  T able o f th e  values o f  th e  resolu tion  (in  %)  ca lcu la ted  w ith  th e  m eth od  described  above in th e  
case o f  th e  662 keV  peak  o f  th e  ^^^Cs. T h e LYSO used  in [101] is a  po lish ed  crysta l w ith  d im ension  4 x 4 x 10 
mm^, w h ile  th e  C sL T l in  [102] is 5 x 5 x 5 mm^ and th e  B G O  3 x 3 x 5  mm^, and finally  th e  C sI:T l and B G O  
in [103] are b o th  0  9 x 9  mm^. T h e H ilger sc in tilla tors used  in th is  experim en t have sizes 3 x 3 x 15 mm® and  
are w rapped  in  a  w h ite  loaded  ep o x y  layer [8 6 ]. T h e  m easured d a ta  were ob ta ined  usin g  a SensL  SP M  M icro  
3035x13.
To conclude, the values of the  energy resolution obtained with the analysis described 
above were then  compared w ith some values found in literature. It is worth to  say th a t  these 
not always refer to  the same compound, as in the  case of the  LYSO:Ce. In fact th is crystal 
is commercially available in various compositions th a t depend on the  m anufacturer and in 
which the num ber of Y ttrium  atom s th a t replace the Lutetium  is different. This gives a 
different response of the  detector and hence a different resolution. T ab.6.1 summ arizes the  
values of the  resolution found for the  same type of crystal, same source and different readout 
electronics. In th is table the  values of the  energy resolution found in literature, obtained using 
different detectors to  readout the  scintillation light, are also reported. These values are only 
indicative for a  rough comparison as the  crystals have different dimensions: nevertheless, a 
good agreement was found between the values obtained for the  LYSOiCe and the  ones found 
in [101] as well as for the  values obtained w ith the CsLTl readout through the  Shaping Amp 
and [1 0 2 ] and [103], while the values obtained w ith the  BGO show a big discrepancy th a t can 
be explained w ith the  deterioration of the resolution due to  a  too high electronic amplification 
needed for the  MCA to  read the small am plitude pream p pulses.
6.2 A n alysis w ith  a co llim ated  gam m a source
In this section, the results obtained from the combined system  of a  LYSO crystal readout by 
a M PPC  are reported. Various crystal sizes were used and are listed in Tab.4.2 and shown in 
Fig.4.1(b). As described in C hapter 4, the  LYSO crystals are irradiated  w ith a  very energetic 
(662 keV) and highly collimated gam m a source (^^^Cs). The collimation, which a t the  height 
of the bottom  face of the  crystal is about 2  m m  diam eter beam  spot, helps the  study  of the  
properties of the system  when the position of the  beam  is varied along the surface of the  
crystals. In fact, the  specific scintillators used for this experim ent have a lateral area equal 
to  3 X 10, 4 X 10 and 4 x 20 mm^. However a  complete scan w ith the collimated gam m a beam  
was performed only in the case of the  4 x 4 x 20 mm^ LYSO, which is the  biggest size crystal. 
In fact its wider sides allows a be tte r alignment w ith the collimated beam, th an  in the  case 
of the  other smaller LYSO crystals.
In Fig.6.5 a typical ^^^Cs energy spectrum  obtained w ith such a system  is shown. This 
is the histogram  of the pulse am plitude of a sample of 5000 pulses recorded w ith the  oscil-
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F ig u r e  6 .5 :  energy sp ectru m  obta ined  w ith  a LYSO scintilla tor (4 x  4 x  20 mm^) readout by an
H am am atsu  M P P C  33-25C . T he gaussian  fit to  th e  ph otoelectr ic  peak is also show n in th e  graph. T h e  centroid  
of th e  G aussian curve is Xc — 213.0 ±  0.2 m V  and th e  ca lcu lated  energy resolu tion  is A E / E  =  16.4 ±  0.2% . 
It is w orth notic in g  th a t th e  sp ectra  ob ta ined  using th e  other sc in tilla tin g  crysta ls o f  different sizes are very  
sim ilar to  th e  one illustrated  in th is  picture.
loscope and filtered using a low-pass B ntterw orth  filter w ith fc = 600 MHz and n  = 2. The 
photoelectric peak centroid, standard  deviation and resolution can be obtained performing a 
Gaussian fit. The range of amplitudes underlying the Gaussian curve includes all the pulses 
corresponding to the full absorption of gamm a rays in the  crystal, while the  range of pulses 
outside this region corresponds to  Gompton events. However, the Lab VIEW  d a ta  analysis 
software gives the possibility to  cut-off the Gompton Continuum  and hence to  consider only 
the variations of the photopeak with the source position. In fact it is im portan t to  note th a t, 
due to  the  laws of propagation of light inside the scintillator (cfr. Chapter 2 and Appendix A), 
depending on the position of the source along the crystal, the position of the  photopeak can 
change, i.e. its centroid can correspond to  different pulse amplitudes. There are some angles 
of propagation of the scintillation photons th a t are favourable to  the reflection of scintillating 
light so th a t it can be collected and convoyed to  the photodetector, while some other angles 
at which the produced scintillation light is transm itted  outside the crystal. In [104] it is found 
th a t long Csl scintillators (with length > 30 cm), used for example in the  electrom agnetic 
calorimeters of BELLE (KEK) and BaBar experiments, had surface trea tm ent in order to 
reach a non-uniformity of less than  7%. This surface treatm ent consists in a high level of 
polishing of the crystal surfaces th a t levels the light yield of the scintillator. However, it is 
possible to  obtain a position sensitive detector performing some roughness on purpose on the 
surfaces.
In the case under study, the LYSO crystals have polished surfaces and are w rapped m an­
ually in a few layers of white Teflon tape  as a reflector. The fact th a t the w rapping was 
hand made implies th a t reflections and refractions happen at the interface LYSO-air and not
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F ig u r e  6 .6 : P lo t show ing th e  criteria for th e  alignm ent o f th e  detector  sy stem  over th e  gam m a co llim ated  
beam . T h e  poin t ind icated  by th e  arrow corresponds to  th e  p osition  o f th e  sy stem  chosen as y  =  0 m m , i.e. 
th e  axial p osition  (cfr. F ig .4 .16 ).
LYSO-Teflon.
As it is possible to  see in Fig.6 .6 , the alignment of the scintillator w ith the gam m a beam  
was performed scanning the crystals along the ^-axis (cfr. Fig.4.16). This figure was obtained 
with the source positioned at the end of the scintillator in contact w ith the SiPM. The 
am plitude corresponding to the photopeak centroid is expected to vary along the w idth of 
the crystal. To explain this effect it is worth considering as example the case in which the 
source is positioned at the edge of the  crystal. In the case of full absorption of a gam m a 
ray, the number of scintillating photons, em itted isotropically from the  point a t which the 
photoelectric effect happened, th a t arrives at the  SiPM surface is reduced com pared to  the 
central position. In fact a good portion of the scintillating photons produced will escape 
from the crystal (cfr. Appendix A). This corresponds to  the  edge points in Fig.6 .6 . In the  
central position, however, the collection efficiency is maximised and th is corresponds to  the 
maximum of the curve in the plot. The point selected as axial position is m arked w ith an 
arrow in the figure, chosen as its symmetrical position. The reason why the curve does not 
appear symmetric is due to  a slight misalignment along the x-axis, which can be considered 
acceptable within the lim itation of the m anual alignment, and does not affect the results of 
the experiment.
In Fig.6 .7, the results of the scan of the  biggest size LYSO crystal w ith the collim ated 
source are illustrated. To obtain this figure, the  source was positioned in correspondence 
of the 50 voxels in which the bottom  facet of the crystal was subdivided, as described in 
%4.4.I. The colours of the m ap refer to  the m agnitude of the photoelectric peak centroid. 
Hence, it is found th a t the signal was maximum when the source was close to the  SiPM , in
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F ig u r e  6 .7 :  M ap o f th e  ph otoelectr ic  peak  pu lse am plitud e along th e  w hole area covered by th e  S a in t-G ob ain  
LYSO 4 x 4 x 2 0  m iM .
particular when in the axial position. This is explained with the fact th a t in this case the 
SiPM can detect a big portion of the scintillation photons produced by the  interaction. In 
positions far from the SiPM entrance window, light losses rednce the num ber of photons th a t 
arrive a t the photodetector. From the figure it is also visible how at the opposite end of the 
crystal the pulse am plitude of the ou tpu t signal increases again. This is due to  favourable 
angles with which the scintillation photons hit the crystal surfaces, an effect th a t improves 
the transport and collection of them  at the SiPM end. Finally, considering the sym m etric 
distribution of the pulse amplitudes in the  map, it is possible to  see how the  scintillator was 
not well aligned along the y-axis (in Fig.6 .7 denoted as Scintillator width). This sta tem ent 
follows from the observation of yellow zones in the  figure th a t very likely correspond to  the 
edges of the scintillator at the end opposite to  the SiPM window. In fact, these regions of the 
crystals appear having irregularities of the surface visible w ith naked eyes, which can improve 
the light collection [104].
In Fig.6 . 8  the photopeak centroid is plo tted  as function of the distance of the  gam m a 
source from the SiPM for the three LYSO crystals aforementioned, when the source is in the 
axial position. It is possible to see th a t the variations on the pulse am plitude are less th an  5% 
in the case of the 4 x 4 x 20 mm^, 7% for the 4 x 4 x 10 mm^ and 5% for the 3 x 3 x 10 mm^. 
The three curves all have a parabolic-like trend. In the case of the 4 x 4 x 20 mm^ the 
pulse height increases a t the far end of the crystal: this phenomenon previously discussed, is 
known to be reduced by simply covering this facet of the crystal w ith black teflon tape  [104]. 
However, the reduction of the rise of the pulse am plitude a t far end of the  crystal was not 
considered in this thesis, being beyond the purpose of the study of tim ing applications. In  the
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F ig u r e  6 .1 0 :  V ariations o f th e  pu lse 10-90% rise tim e w ith  th e  p osition  o f th e  source along th e  axia l p o sition  
o f th e  three sc in tilla tors under study.
case of the 4 x 4 x 1 0  mm^ a similar shape resulted from the measurements: this tim e however, 
when the source is at about half of the crystal, some fluctuations are visible. This could be 
explained w ith the presence of defects or im purities in the crystal lattice th a t increase the 
production of light in th a t position. In the case of the 3 x 3 x 10 mm^ the m agnitude of 
the pulse height when the source is close to the SiPM window was not as expected. In fact, 
as already discussed, a t this position the light collection by the photodetector should have a 
maximum.
In Fig.6 .9 the variations of the energy resolution w ith the position of the source are shown. 
The energy resolution is deflned as A E  = F W H M / Xc, w ith Xc the  photopeak centroid given 
by the Gaussian fit. A high value of A E  is expected when the source is a t the closest 
position to the photodetector. In fact in this case the num ber of photons detected per event is 
maximised as the light losses are minimised, bu t at the same tim e the photopeak is broadened 
as consequence of the photon transport in the crystal. In fact, when the source is a t positions 
far from the photodetector, the E W H M  is minimised by the good transport of scintillations 
photons inside the crystal, which actually works as light guide. However, at positions closer to  
the photodetector, the reduction of losses has as effect the detection of pulses w ith a broader 
range of pulse amplitudes, consequence of reflections and re-absorptions of photons on the 
lateral walls of the crystals, which increases the FW HM . It is also worth to  note th a t, as 
expected, the best energy resolution is found for the crystal w ith the smallest cross section: 
in this case, in fact, although the scintillation photons still undergo reflections (as well as 
losses), the pa th  to be travelled is shorter, which allows a better photon tran spo rt inside the 
crystal.
Finally, the variations of the 10%-90% rise tim e with the position are shown in Fig.6 .10.
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As expected, the  smallest LYSO crystal presents the  shortest rise tim e. As explained before, 
th is is due to  the  shorter pa th  the scintillation photons have to  travel. The same effect is 
not found in the case of the  two scintillators w ith cross section 4 x 4  mm^. In th is case, it 
would have been expected a shorter rise tim e for the  crystal w ith shorter length. However, the 
opposite is found in these m easurements. A common feature of these two scintillators is th a t 
the minimum of the  rise tim e is found when the source is a t the  position closest to  the  SiPM 
as it would be expected due to  the  smallest tim e required to  the  photons to  propagate along 
the crystal. Concluding, it is possible to  say th a t the  rise tim e does not present significative 
variations (of the  order of 1% for the  3 x 3 x 10 mm^ and 4 x 4 x 20 mm^ and of the  4% for 
the 4 X 4 X 10 mm^).
6.3 C oin cid en ce m easu rem ents
In this section the results of the  m easurem ent of the  Coincidence Time Resolution (CTR) 
between a pair of detector systems made of a  LYSO crystal w rapped in Teflon tap e  and 
readout by various types of H am am atsu M PPC s are reported.
Being the H am am atsu M PPC  3325C the photodetector w ith larger to ta l area (among the 
ones considered in this thesis), and hence the  m ost suitable for an actual T oF-PE T  module, 
the  variations of the  C TR  w ith the bias voltage, Vuas, were studied. The results obtained 
from this analysis are illustrated in Fig.6.11. The scintillator chosen for th is study has a size 
of 3 x 3 x 1 0  mm^, which has a  cross section th a t suits well the  detector entrance window and 
at the  same tim e presents a good length for the  absorption of 511 keV photons (cfr. Fig.2.9).
A sample of 10000 coincident pulses was recorded. Of these, however, only the  pulses w ith 
pulse am plitude within the full energy peak were selected for the  m easurem ent of the  CTR. In 
fact, considering th a t the two detector systems are well aligned with the source and th a t the 
M PPC s are biased in order to  have the same gain, the  two histogram s of the  pulse am plitudes 
will superimpose. It is hence possible, via the  off-line analysis software, to  select a range of 
pulse am plitudes included between the minimum and m aximum  voltage corresponding to  the 
two edges of the  photoelectric peak. In this way all the  spurious coincidences due to  Com pton 
effects will be minimised. In Fig.6.11 (a) the  variations of the  C T R  w ith the  cutoff frequency, 
for a low-pass B utterw orth  filter a t n  =  2  are shown. There was no need to  m odify the 
cutoff voltage levels as the  effect of the filter on the  pulse am plitude was minimum. The 
corresponding to ta l num ber of events under the  photoelectric peak is for the  cut-off chosen 
1148 (cfr. Fig.6.11 (a)). This figure was obtained using a Leading Edge 2ch algorithm  for 
the  tim e stam p pick-up a t Vth =  3%. As already m entioned in the previous sections, th is 
algorithm  gives the  best results in term  of tim ing resolution, being im plem ented in such 
a way to  take into account the  am plitude walk of the  pulses, hence to  be independent of 
the  different pulse am plitude of the  output pulses characterised by constant shape. In  th is 
case both  M PPC s were biased a t Vbias =  72.2 V^. I t is possible to  see th a t  the  m inimum  
value of the  C T R  is achieved for values of fc  between 300 and 500 MHz. This scan in cut­
off frequencies of the C T R  is an empirical way to  find the  value of fc  which minimises the 
CTR. However, it is clear th a t a t too high values of fc  the  C T R  is deteriorated  by the  high 
frequency noise affecting the signal, while a t too low values of fc  the  C T R  is deteriorated  by
^It has to  b e  noted  th a t th e  tw o M P P C s 3325C  used in th is  experim en t are characterised  by  th e  sam e  
nom inal gain  a t th e  sam e optim um  bias. T his allow s b iasin g  th e  d etector  at th e  sam e Vbias for th e  ca lcu la tion  
o f  th e  C T R .
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F ig u r e  6 .1 1 :  V ariations o f th e  C T R  w ith  (a) th e  cu toff vo ltage and (b) th e  b ias vo ltage  for an H am am atsu  
M P P C  3325C  optica lly  coupled  to  a Sain t-G obain  LYSO 3 x 3 x 1 0  mm^. In both  cases th e  C T R  w as o b ta in ed  
from a G aussian fit to  th e  h istogram  o f th e  tim e difference o f coincidence pulses w ith  a b in n ing  size  o f  2 0  ps.
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a too long rise tim e and a too small pulse am plitude. Hence, the value fc  =  400 MHz was 
chosen for the study of the variations of the CTR  w ith the bias voltage, reported in Fig.6.11 
(b). In this case a parabola was superimposed to the dataset as guide for the eyes. The curve 
reaches a minimum at a voltage V^ias = 72 .2  V higher th an  the operative voltage suggested 
by the m anufacturer (Vop =  72.0 V). This parabolic trend  can be explained with the effect of 
dark pulses on the CTR. In fact, an increase of the voltage corresponds to  an increase in the 
gain. This, considering the discussion in ^3.6.2, increasingly improves the CTR. However, the 
increasingly im portant effect of dark pulses on the signal rise tim e has to  be taken into account. 
These in fact, are mainly located at the  position of lower threshold levels and random ly spaced 
in the time. Therefore their presence increases the uncertainty on the tim e stam p pick-up 
determ ination and hence deteriorates the  CTR. One has to  note th a t to  obtain this plot it 
was necessary to  vary the position of the  minimum and maximum cut-off voltages due to  the 
increase in pulse am plitude determ ined by the voltage increase. However, a constant num ber 
of pulses under the  photoelectric peak was considered while selecting the pulse am plitude 
range, of the order of 1140 ±  10. Finally, it has to be added th a t this m easurem ent was 
obtained using a Pb  collimator, of 2 mm thickness and 1 mm aperture, aligned w ith the 
radioactive source. This collimator however only has an absorption efficiency of the  30% at
~  511 keV. The best value of the  CTR  found with this system is a  C T R  =  318 ±  4 ps, 
as it is possible to  see from Fig.6.11.
In Fig.6 .12 the variations of the C T R  with the threshold level Vth hi the case of the  
H am am atsu M PPC  11-25C coupled with a Saint-Cobain LYSOiCe crystal of 1 x 1 x 10 
mm^ size are shown. The experiment was performed when both  detectors were biased at
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F ig u r e  6 .12 : Variations of the CTR with the threshold level for an Hamamatsu M PPC  1125C optically  
coupled to a Saint-Gobain LYSO crystal 1 x 1 x 1 0  m nP.
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F ig u r e  6 .13 : Variations of the CTR for an Hamamatsu M PPC 11-50C optically coupled to various sizes 
Saint-Gobain LYSO crystals.
^bias = 71.3 and 72.0 V. In both  cases, as expected, for threshold voltages quite small, i.e. a t 
the level where the first few photons are detected, the CTR  has a minimum. It is interesting 
to note th a t, beside the edges, the  interval of Vth a t which the CTR  approaches its miminum 
values is the same for bo th  bias voltages. This is related to  the fact th a t although the  M PPC  is 
biased at a higher bias and hence the pulse am plitude related to the same num ber of detected 
photons is bigger in the  case of higher bias voltage, Vth is proportional to  the  to ta l pulse 
amplitude. This gives a proof th a t effectively the best value of the threshold is connected 
w ith the num ber of photons detected. A nother im portant observation is th a t, in the  range 
of Vth aforementioned, the mean value of the CTR  is smaller in the case of the  higher bias 
voltage. This is related to the fact th a t in this case the threshold is set actually higher in 
voltage and hence is less affected by the baseline noise.
Finally, in Fig.6.13 the variations of the CTR  with the sizes of the  crystals optically 
coupled to the photodetector are shown, in the case of the H am am atsu M PPC  11-50C. This 
plot clearly illustrates how the size of the crystal is of fundam ental im portance in term s of 
the CTR. It is clear th a t the best C TR  is obtained when the M PPC  is coupled to  a  crystal 
w ith cross section of the same dimension of the to ta l area of the M PPC  window. In the case 
of the LYSO 3 x 3 x 5  mm^ the CTR  deteriorates by 40%, bu t for longer crystals w ith a 
bigger cross section the CTR is even 4 times larger. In fact, when the crystal cross section is 
bigger than  the photodetector window, it is more likely th a t scintillation photons will escape 
the entrance window. It is then possible th a t the first photons generated in the scintillator 
will be lost. In this case the rising edge is affected by photons scattered in the crystal, which 
are delayed and this is the main reason behind a worse value of the  CTR. It has to  be added
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M P P C L Y SO (mm^) C T R  (ps)
11-25C 1 x 1 X 10 454 ±  2
11-50C 1 x 1 X 10 227 ±  2
33-25C 3 x 3 X 10 396 ±  4
T a b le  6 .2 : Table of the C TR  obtained for the M PPC s under study coupled to  the optim al size LYSO crystal. 
The reported values were obtained filtering the pulses w ith  a Butterworth low-pass filter w ith fc  =  600 MHz 
and n  =  2, at Vth =  3%. Vbias =  72 V  in the case of the Ham amatsu M PPC  11-50C and 33-25C and 71.3 V  
in the case of the M PPC  11-25C (i.e. it was chosen Vbias =  Vop).
th a t it is common practice in gam m a spectroscopy to  avoid coupling scintillators to  too small 
photodetectors. In fact, beside bad effects on the  C T R  also the  energy resolution is affected.
As it is possible to  see in Tab.6.2, detectors w ith bigger pixel size perform  better. In 
the case of the M PPC s w ith a to ta l area of 1 x 1 mm^, the  best C T R  is obtained w ith the 
11-50C. This is due to  the  higher PD E, characteristic of th is detector, which is given by 
the bigger geometrical efficiency, e^, (cfr. Tab.4.1). Considering th a t 6^(50) is larger th an  
Eg (25), w ith Eg (50) and Eg (25) the geometrical efficiencies of SiPM w ith respectively 50 and 
25 fim  pixel size, the  results reported in Tab.6.2 are in agreement w ith the statem ent. In 
fact the  C T R  measured w ith the M PPC  11-25C is twice the one m easured in the  case of the  
11-50C. Following this discussion, the value found in the  case of the  M PPC  33-25C is in good 
agreement w ith the value of the  C T R  reported  in literature in the  case of the  M PPC  33-50C 
for example in [105], of the  order of 280 ps.
CHAPTER 7
Conclusions and further developments
The m ain m otivation behind this thesis is the  study of the  tim ing performances of a  detector 
system  made of inorganic scintillating crystals readout by Silicon Photom ultipliers. In general, 
fast photodetectors are widely used for tim ing applications in many fields of Physics. To cite 
some examples, there are nuclear experiments th a t are in particular aimed a t the  study  of the  
nucleon structure, astrophysics experiments intended a t the  study of the  deep universe and 
new molecular imaging techniques in the  field of Medical Physics. B ut it is specifically the 
la tte r field th a t has recently seen an increasingly high dem and for bo th  fast photodetectors 
and scintillating crystals. In fact, detectors th a t satisfy th is requirem ent are exceptional 
candidates for a medical diagnostic technique th a t, investigated in the  early 80s, has recently 
seen a new era thanks to  the technological improvement in the development of scintillator 
m aterials and light sensors, namely the  Time-of-Flight Positron Emission Tomography. In 
this particular application, there is a  need for fast detectors to  achieve high spatial resolution. 
This, in tu rn , is of fundam ental im portance to  obtain a sharp image of the  scanned region, 
along w ith a shorter exposure of patients to  the  radioactive sources and in general a  shorter 
scanning time.
Among the  various photodetectors today commercially available, the  SiPM s offer a  b e tte r  
and cheaper alternative to  the  traditional Photom ultiplier Tubes. In fact, besides the  possi­
bility to  use standard  (and cost effective) MOS technologies to  produce these devices, these 
photodetectors are characterised by a higher Photodetection Efficiency th an  the PM Ts, single 
photon detection capability and insensitivity to  m agnetic fields, w ith the  advantage of being 
robust and small. In particular, the aforementioned insensitivity to  m agnetic fields and the 
compact sizes of SiPMs open the horizons towards the  investigation of an integrated ToF- 
P E T  /M R I scanner. SiPMs prove also to  be fast and to  have m aximum  detection efficiency 
at wavelengths typical of the  emission spectrum  of most of the  inorganic scintillators today  
used in P E T  applications.
Among the m any inorganic scintillating crystals th a t are under study  for the  use in ToF- 
P E T , the  LYSOiCe is the one th a t presents a high density and effective Z , com parable to  
the  one of the  BGO, typically used in P E T  scanner, and a very fast decay time, of the  order 
of m agnitude of 40 ns, w ith a typical wavelength of the  order of 440 nm  [38] [39]. Moreover,
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th is crystal today is being widely produced and commercialised in various shapes and with 
various concentration of Ce atom s as activator, which makes it more a ttrac tive  for the  study 
of the  tim ing properties of a  system  of such a crystal readout by various types of SiPM.
Contributions of the work described in this thesis to R&D on SiPMs and inorganic 
scintillating crystals
In this thesis, the  characterisation of Silicon Photom ultipliers has been shown and discussed.
Using the  equivalent circuit developed by Corsi [87], m easurem ents of the  IV  and CV 
characteristics yielded the capacitor and resistor values th a t determ ine the  electronic response 
of the  H am am atsu M PPC  11-25, 11-50, 33-25 and 33-50 were measured. A lthough this 
m ethod has been used previously for the  calculation of the param eters for some devices 
currently available on the  m arket, the  m easurem ents described in th is thesis contribute to  
this literature w ith the characterisation of a  range of H am am atsu devices not previously 
studied, potential candidates for ToF-PET applications.
Furtherm ore, the knowledge of these param eters allows to  operate the  devices in their 
optim um  bias regime. For example, from the  value of the  quenching resistance and the  break­
down capacitance it is possible to  understand the maximum  voltage a t which the  device can 
be biased to  avoid non optim al quenching of the  avalanche, which is reflected in fluctuations 
of the  gain and hence non-linearity between the  num ber of incoming photons and firing pixels. 
Also, the knowledge of the term inal capacitance not only helps coupling the  device w ith an 
optim al (or optimised) readout electronic chain, bu t also allows the study  of the  SiPM  pulse 
output.
Another contribution of the  work described in th is thesis to  the  research on th e  SiPM is 
the understanding of the results of the  sim ulation of its pulses under different light stimulus. 
In fact, the knowledge of the  SiPM param eters allows a SPICE sim ulation of the  ou tpu t 
pulse. In this way it is possible to  understand the contribution of the  various param eters to  
the pulse shape and th is improves the process of choice of the  optim um  SiPM  for the  required 
application and of the  readout electronics. Moreover, the sim ulation results have clarified 
the im portance of coherent photons incident on the SiPM. Non-coherence in fact has been 
identified as the  m ain cause of the  deterioration of the  tim ing jitte r  of the  m ultiple photon 
pulses, as a consequence of the  deterioration of the  SNR.
Also in this thesis the  results of the  study of the  tim ing properties of selected SiPMs 
w ith optical photons are reported. In particular these m easurem ents were intended to  the  
evaluation of the intrinsic and coincidence tim e resolution w ith the photodetector illum inated 
by a femtosecond pulse. The trad itional technique for th is kind of m easurem ent involves the  
use of various Nuclear Instrum entation Modules (NIM). Instead, the  case of interest discussed 
in this thesis takes advantage of the  digitisation of the  SiPM pulses and the  use of ad-hoc 
algorithms for the analysis of the  recorded wavelengths, which have never been used before. 
Hence, the measurem ents of these two im portant quantities are performed a t various bias 
voltages and a t different values of the  algorithm  param eters. It has to  be specified th a t 
these algorithms involve a digital filter to  reduce the high frequency noise affecting the  pulses 
and a set of algorithms for the  tim e stam p pick-up. The m easurem ent of the  intrinsic tim e 
resolution is very im portant to  understand the lim itation of the  device. In fact th is quantity  
is related to  the variance on the determ ination of the  tim e of occurrence of a  certain  event 
th a t the  detector itself introduces; while in the  case of the  coincidence tim e resolution, the  
quantity  refers to  the minimum resolution a t which a coincident event can be detected. In
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this work it is shown how digital techniques can improve the Intrinsic and Coincidence Time 
Resolution of the  SiPMs. In particular, for the  devices tested  w ith the femtosecond laser a t 
400 nm, the values of the  IT R  in the case of the  M PPC s 11-25C and 33-25C were found 
in the  range of 35 ps (cfr Fig.5.13 (a) and (b)); while the  values of the  C T R  in the  range 
of 43 ps and 58 ps respectively (cfr. Tab.5.5). I t  has to  be noted th a t these values were 
obtained from the optim isation of the algorithm  param eters. I t  was found th a t  the  algorithm  
’’Leading 2ch” , which is effectively a CFD, deliver the  best values for bo th  IT R  and CTR. 
This is a  big improvement on the values previously m easured for example in Yamamoto et 
ah, 2006 [100] with traditional, i.e. analog, tim ing techniques. Although digital techniques 
prove hence to  be able to  deliver very good results in term s of tim ing resolution, it has to  be 
considered the fact th a t these cannot be easily integrated in systems w ith a high m ultiplicity 
of channels. In such a case, the  use of digital techniques would guarantee high performance 
a t the  expense of an extremely expensive system. However, the  improvement of the  SiPM 
fabrication technology, along w ith the commercialisation of m ultiple channel cheap digitisers 
could give a boost to  these very promising techniques.
In th is thesis the  results of a prelim inary study in the  framework of trad itional gam m a 
spectroscopy using this kind of detector system  was discussed. It has been shown how a 
LYSO crystal readout by a SiPM  can show the phenomenon of non-linearity due to  non­
proportionality between the num ber of em itted photons and the to ta l num ber of pixels in the  
device. This effect is not negligible when using highly energetic sources and hence has to  be 
taken into account when using th is detector system  in gam m a spectroscopy experiments.
Also, a  study on the variations of the  detector system  param eters using a very collim ated 
gam m a source is discussed. This was helpful to  understand the effects of photon tran sp o rt 
in various size LYSO crystals. The outcome of this study was th a t the  tim ing performances 
of the  system  are not affected by the position of incidence of the  photons along the crystals. 
However, it was found as well th a t variations of the  pulse am plitude w ith the  position of the  
source along the crystal were present, bu t w ithin the expected values (i.e. less th an  7%) for 
scintillators w ith polished surfaces [104].
Finally the  coincidence tim e resolution obtained w ith two of such detector system s head- 
to-head is also discussed. It is found th a t th is value is strongly dependent on the  size of the  
crystal used as well as on the type of readout SiPM (cfr. Tab.6.2). In fact in the case of a 
small area SiPM 1 x 1  mm^, w ith 25 fim  pixel size, it was found th a t the  best coincidence tim e 
resolution, 454 ±  2 ps, was obtained w ith the  smallest cross section crystal (i.e. 1 x 1 x 10 
mm^). At the same time, the  coincidence tim e resolution obtained using the  SiPM  1 x 1  
mm^ to ta l area, w ith the bigger pixel size (50 //m) was found smaller, 227 ±  2 ps, due to  
the increased PD E of the  latter. Timing m easurem ent of th is kind, perform ed w ith 1 x 1  
mm^ M PPCs, are not yet available in literature, hence a direct comparison would no t be 
possible. However, considering the value of the C T R  obtained w ith a  pair of H am am atsu 
M PPC  11-50C and the value found in Spanoudaki et ah, 2011, [105], which reports a  C T R  
of ~280 ps, the value reported in this thesis compare well w ith the aforementioned.
Further developm ents
• An a ttem p t was made to  measure the IT R  and C T R  also a t various light intensities. 
Hence, a  further development to  the  work described in this thesis would be to  precisely 
calibrate the system  in order to  illum inate the  photodetectors w ith a num ber of photons 
which gives in ou tpu t a  signal whose integral is comparable to  the  integral of a  pulse
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generated by scintillation light. A lthough this would be interesting as it would emulate 
the  num ber of photons em itted  by the  scintillating crystals allowing the  m easurem ent 
of the  light yield of the  scintillators, the  results of m ain interest here on the intrinsic 
and coincidence tim e resolutions are m ainly dependent on the coherence of light.
•  A natu ra l continuation of the work performed on a system  of scintillators readout by 
SiPMs would be the study of the  performance of a  m ultiple system  head-to-head setup, 
i.e. a more complex system  m ade of a  m atrix  of such a combination of LYSO crystals 
readout by SiPMs.
•  A M onte Carlo simulations of photon transport of light in inorganic scintillators could 
be performed to  complement the  analysis performed on scintillating crystals w ith a 
collimated photon beam. In fact through it, it may be possible to  understand the 
effects of the Teflon tape, in which the crystals are wrapped, on the  ou tpu t pulse 
am plitude and to  clarify the  shape of the  curve of the  photopeak centroid as function of 
the  source position, although its quasi parabolic shape was m otivated using the linear 
optics framework and the to ta l internal reflection effect. Also, these sim ulations could 
be accompanied by testing of different reflectors in which scintillating crystals could be 
wrapped.
•  The detector system  studied in th is thesis had proved to  have very good tim ing prop­
erties, adequate for a realistic ToF-PET system. Hence, considering th a t the  spatial 
resolution in such a diagnostic technique is strongly affected by the  phenomenon of 
the D epth of Interaction (DOI), an interesting development of th is thesis would be the 
study of the  DOT This can be performed using various size LYSO crystals readout a t 
bo th  ends by SiPMs. The knowledge of the  DOI would allow the  use of longer crystals 
increasing in this way the  system  sensitivity.
•  A nother interesting development th a t however is far from the Medical Physics field 
would be the study of a  system  as the  one ju st described as a position sensitive detector. 
In fact, from the m easurem ents performed using the collimated source it was clear th a t  
the  pulse am plitude is dependant on the  source location. Due to  the  fact th a t  the  
surface of the crystals used in this experiment was polished, th is effect was not very 
strong. However, it is known th a t scintillating crystals w ith the surfaces trea ted  w ith 
a certain pattern , present strong position sensitive capabilities [104]. Hence it would 
be interesting the  study of the  effects of various p a tte rn  geometries on the  position 
sensitivity of this detector system  both  w ith simulations and w ith actual m easurem ents.
APPENDIX A
The derivation of the maximum critical angle
The value of the critical angle for a ray propagating from a medium w ith refractive index n i  
to a medium with refractive index ri2 and n i > 77,2 , is given by the total internal reflection.
In general, an incident ray w ith incident angle 9i will be split a t the  interface in a reflected 
ray with angle 9r =  9i and in a transm itted  ray with angle 9t. The transm itted  and incident 
angles are related by Snell’s law:
=  arcsin — I
n i
(A .l)
W hen n i >  ri2 , it results 9t > 9i. Hence, the transm itted  ray is always directed toward 
the boundary of the interfaces. As 9i increases, there will be a certain value at which 9t will 
reach the maximum value of 90°. At this point 9t can not increase anymore; the ray will be 
reflected in the medium w ith refractive index n \  [106]. The value of the  angle of 9i for which 
there is to ta l internal reflection is called critical angle, 9c and is given by:
arcsin | —  , (A.2)
F ig u r e  A . l :  P ictoria l representation  o f th e  reflection and refraction o f a  ph oton  a t a  bou nd ary  w ith  n i  >  ri2 .
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being in th is case sin^^ = 1 as 9t =  90°. For 9i > 9c the  photon is to ta lly  reflected.
In the  case of a  LYSO:Ce scintillator, one has to  consider two critical angles, one a t the  
interface scintillator-air, the  other a t the  interface scintillator-silicon gel. In  fact, although 
the scintillator was wrapped in Teflon tape, being the wrapping made manually, it is possible 
to  assume th a t the  lateral facets were in contact w ith air. The propagation of light a t the 
interface between the silicon gel and the entrance window of the SiPM is not taken into 
account in w hat follows, hence photons transm itted  a t the  Si gel-LYSO interface are assumed 
detectable. In numbers, the  two critical angles are:
9 c {L Y S 0 /a ir )  =  arcsin (  1 =  33.5°, (A.3)
\n L Y S O j
BALYSO/SiGel) = arcsin =  54°, (A.4)
\r iL Y S o J
where Uair =  1, tilyso  = 1-81 and nsiCel =  1.465. W hen the interface is parallel to  the
facet coupled to  the  SiPM (i.e. the  plane {y ,z )) , the  incident angle is 9{, while for all the
other planes it is 7t / 2  — 9i (i.e. {x ,y )  and (x ,z ) ) .  Hence four cases are possible for a  photon 
orthogonal to  the  {y,z):
•  it is refracted a t the  interface LY SO /air if 9i < 33.5°;
•  it is to ta lly  reflected a t the  interface LY SO /air if 9i > 33.5°;
•  it is refracted a t the interface LYSO/SiGel if 9i < 54°;
•  it is to tally  reflected a t the  interface LYSO/SiGel if 9i > 54°.
These relations are inverted in the case of photons orthogonal to  the {x, y) and {x, z) planes 
(cfr. Fig.2.10). Given these information, it is possible to  calculate the  angles which are 
favourable for the  propagation of scintillating light inside the silicon gel layer. Referring to  
Fig.2.10, w ith 9 = 9i'.
•  < 9i < 33.5° the  photon escapes the  scintillator: it is reflected a t the  sides of the  
scintillators, b u t transm itted  a t the  facet opposite to  the  SiPM window;
•  33.5 <  9i < 54° => the photon can be detected: it is reflected a t the  sides of the
scintillator as well as a t the facet opposite to  the  one coupled to  the  SiPM. However, it
is transm itted  a t the boundary between the scintillator and the optical gel;
• 54 <  <  56.5° the  photon can not be detected: it is reflected a t bo th  boundaries 
w ith the air and the silicon gel;
• 56.5 < 9i < 123.5° the  photon escapes the scintillator: it is transm itted  a t the  
boundary between LYSO and air;
• 123.5 < 9i < 126° =4> the  photon can be absorbed: it is reflected a t the  boundary w ith 
air, bu t absorbed at the  boundary w ith the  silicon gel;
•  144 <#% < 180° =k the photon can not be absorbed: it is reflected a t bo th  boundaries.
Hence, following this schema, the  critical angle which would maximise the propagation tim e 
is given by 9max =  54°.
APPENDIX B
Derivation of the non-linearity equation
Let it be n{p) the  num ber of pixel fired when p  photons are h itting  a device w ith  a  num ber 
of pixels Ntot- If Pceom is the probability th a t the photons will enter in the  active area, P q e  
the  probability th a t the  photons will be absorbed, Prngger the  probability th a t the  generated 
photoelectrons will trigger an avalanche and P^ the  probability of the  pixels th a t  have not 
fired yet, then we can w rite [6 6 ]:
where
n{p +  1) =  Tl{p) +  Poeom ’ PqE ’ PTrigger * (  ^~  'j f  ~ J  ’
P j = 1 —
Because Pceom • P q e  * PTrigger =  the  preceding equation can be w ritten  as:
n{p  +  1 ) =  n{p) +  e • ^ 1  -  .
Developing the series we have:
Z-l /
i p  + i) =  ( l -n
x—O
+  n{p) ( 1 -
1 - 1 -
^total
P t^otal
+  ri{p) 1 -
1 - 1 -— ^total
Now, assuming th a t n(p)\p=o =  0:
72" (^) — Ntotal
P t^otal
+  n{p) 1 -
1 - 1 -
P t^otal
(B .l)
(B.2)
(B.3)
(B.4)
(B.5)
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Then, taking in account th a t there will be fluctuations on the m ean num ber of photon coming 
in the  device, th a t can be described by the Poisson distribution /(A ; Nphoton) =  •
N ^/X \, it is possible to  write:
^ fire d  —  ^   ^ ^photon) ' ^total
X—O
1 -
^total
(B.6)
where the Taylor series for the  exponential function in xq =  0, S ’’ used.
APPENDIX C
Decay schemes of the used sources
Ï ÏN a The decay of ffiVa occurs w ith two independent b e ta  transitions [107]:
—>• ^qN e E e  (C .l)
i iN a  —> iqN c* +  e"^  +  i/e, (0 .2 )
the first w ith a probability equal to  0.06%, and the second one w ith the  higher prob­
ability of 90.64%. The transition  to  the  excited sta te  of ‘^ N e *  can occur also through 
electron capture w ith a probability of 9.64%. In  the second more probable decay mech­
anism, the excited sta te  of "^Ne* decays w ith a single electrom agnetic transition:
2o77e* -4- loY e -h T, (C.3)
in which the photon has an energy of 1.275 MeV. The positron th a t  is present in bo th
reactions, can travel a very short distance (~  m m )  after which it annihilates em itting
two collinear photons w ith 511 keV energy.
The decay of I f^C s  occurs via two independent b e ta  emissions [107]:
-A i f B a ,  (GUI)
the first w ith a  probability of 8 % and the second w ith a probability of 92%. In  the
second reaction, the short-lived interm ediate s ta te  decays to  the  ground s ta te  w ith  the
emission of a photon of 662 keV:
+  (C .6 )
Some atom s de-excite by ejecting the K-shell electron. This vacancy is then
filled by another outer electron producing in th is way a 32 keV X-ray.
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i tM n The decay of % M n  occurs via electron capture w ith a  probability of about 100% to
an excited sta te  of the  [107] :
d-ef- -+ 4- ((3.7)
The excited nucleus decays to  the  stable s ta te  through a gam m a transition  in which a
photon of 835 keV is em itted.
gg^Eu The decay scheme of the  is quite complex, not only because the  nucleus can
decay into two different nuclei w ith different mechanisms, bu t also because for each 
daughter nucleus there are m any allowed transitions. For this reason we will consider 
only the transitions of im portance for our system, th a t is, the  transitions whose gam m a 
de-excitation quanta our detector is able to  resolve [107].
The q^^Eu decays to  Q2^S m  predom inantly w ith electron capture (72.1%), and through 
/5+ only w ith a  probability of 0.027%, and decays to  through transition
(27.9%). In particular, we are able to  detect de-excitation photons respectively from 
the transition  to  the ground sta te  of the  first excited sta te  {E^ =  122 keV) and from 
the  transition  to  the first excited sta te  of the  second excited sta te  {E^ =  245 keV) of 
Q2^S m  (see F ig .C .l.a). We are also able to  resolve 7 -rays coming from the de-excitation 
of the  first excited sta te  of to  the  ground sta te  {E j =  344 keV) (F ig .C .l.b).
S o u r c e E n e r g ie s  (keV) A c t iv it y ( @  0 6 /1 1 /0 9 )  (K B q) U o S N
22N a 511, 1275 23 S308 .P H
837 7.217 S307 .P H
32, 662 45.286 S024.R G
40, 122, 245, 345 117.219 S285 .P H
32, 662 897000 S116.R G
2=Na 511, 1275 12.27 S 310 .P H
T a b le  C . l :  Sources used  for th e  m easurem ents lis ted  w ith  th e ir  energies, a c tiv ity  and U n iversity  N um ber.
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F ig u r e  C . l :  D ecay  schem es representing th e  observed transitions occurring in th e  used sources. T h e  green  
arrows ind icate  electron capture, red arrows /3-*--decay and blue arrows -decay [107].
APPENDIX D
Calculation of the SiPM total admittance
In w hat follows, the derivation of the  equations for the  calculation of the  SiPM param eters 
using the m ethod developed by Corsi [87] is described. A table w ith the symbols used to  
derive the equations, is given below for clarity:
S y m b o l E x t e n d e d  n a m e
U) angular frequency
Npixel to ta l num ber o f  p ixels
Rq quenching resistance
Cq quenching capacitan ce
Zp parallel im pedance
Yp parallel ad m ittan ce
Ys series adm ittan ce
Yd a d m ittan ce  o f th e  d iod e capacitan ce
Cd d iod e capacitan ce
YPixel a d m ittan ce  o f all th e  p ixels
^JsiPMJ-p ad m ittan ce  o f th e  S iP M
to ta l quenching resistance
to ta l quenching capacitan ce
to ta l d iode cap acitan ce
Q parasitic  capacitan ce
C t o t to ta l p ixel capacitan ce
Ym to ta l a d m ittan ce  - real part
Cm capacitan ce o f  th e  S iP M
The impedance of the parallel of Rq and Cq is given by Zp\
The adm ittance of the  series of Zp w ith Cd is:
Y  +  J_V' =  h» _  - u ? R ,C jC ^ +  ju iC i
Xzy ^  4- j(jjCq +  jioCd 1 +  j<^Rq {Cd +  Cq) ’
(D .l)
(D.2)
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while the  adm ittance of all the pixels is:
■x^ pixel _  AT AA _  ^ “^^pixelRqCqCd  +  j ’^ ^p ixe lC d  (r\ o\
^  l + j u R , ( C i  +  G ,)
and considering the relations
Rq
^pixel
= N pi^aC i (D.5)
R f t  =  (D.4)
C “ '  =  iVpixeiC, (D.6 )
C t o t  =  C * / +  C f ‘ (D.7)
can be w ritten  as:
"  l + j u R t o t C T O T   ^ ’
The to ta l adm ittance of the  SiPM, i.e. the  adm ittance of the  parallel of all the  pixels w ith 
the parasitic capacitance Cg is:
-u?R<^ a^ycf^  - u?RfCgCTOT  ^ c ‘/  + c.
+
1 + jwR!-°*CTOT 1 + j^Rf^CroT
{ - i j R f C Y C f - o ? R \ ° ^ C g C T O T )  ■ { l - j o j R f C T O T )  
1 + 0 ;2 (JJM )2 C V
j w  {Cg +  C f^) ■ ( l  -  JujR ^ C t o t ) _  ^^ySiPM-, , M rySiPMs.  / p  g\
l + a , 2 (iJ‘o<)2 C 2 g ^
The conductance, Ym, of the  SiPM is given by the  real p a rt of the to ta l adm ittance:
_  (Jtot) ( C W
(D.IO)
The capacitance. Cm, of the  SiPM is given by the  im aginary p a rt of the  to ta l adm ittance 
(susceptance):
r  r^lvSiPM. { R T ? C r C l< ^ C T O T  +  +  Cg +
U,-Cm A Y p  ) -  l+ c o \R fP ‘)‘^ C^oT
Cg +  C f  +  w ^ R f f C T O T  (C5°‘<^ “  +  C g C T o r)  ,
■  " ----------------------- v + u ^ m c i o T
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To find the param eters, the  system  m ade of the  following equations has to  be solved:
,to( i v  1or =  -------------------------------------------------------------------(D .1 2 )
C *r =  C t o t - C T  (D.13)
The errors on these quantities are calculated following the error propagation rule. In the 
case of the  to ta l diode capacitance, (eq. D.12), it is:
with
dYm 2Ym
dC ‘/  ^  [ u '^ { R ffC ^ o T . -  l]
a i î “  2 C y  '
d C f*  Y ^ R f C r o T
(D.16)
(D.17)
(D.18)
d C roT  C “  ■
In the case of the  to ta l quenching capacitance, (eq. D.13):
a ( & f )  =  sJ tJ^{C T O T )+ o^{C ^). (D.19)
Finally, the  error on the parasitic capacitance, (eq. D.14), is given by:
^{Cg) — ^ 
where
a a (C^™)+(§) -^(^n+(^) - ^ W + ( ^ )  - ^ iO ro T )
(D.20)
dC.'s
a a
=  1 (D.21)
- 1  (D.22)dCg 2j ^ ( R f f C T O r C f ^dCf* ~ \+uj^(RffYClo^
dCg ^ 2w’^ RfCTaT{Cr?
9 R r  [l +  o ) 2 ( i îW ) 2 c V ] '
dCg ^  u ? ( R f f { c f ^ f  ( i - g y )
a C ro T  [l +  a)2(i7“ )2C'|,pj.] ^
(D.23)
(D.24)
(D.25)
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